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Abstract
Spring freshets and summer droughts have recently worsened in the Fraser River Basin, British Columbia,
Canada, with significant impacts to the keystone Pacific salmon populations, the food and economic
sovereignty of over eighty First Nations, and the western Canadian economy. These extreme events
present a potential risk since, unlike many large and less hydroclimatically-complex and/or empounded
watersheds, the Fraser River Basin is susceptible to a combination of unregulated spring freshet and
summer drought events even within the same year. A major limitation for understanding past and future
extreme event risk in the Fraser River Basin is that observational streamflow datasets are both short in
duration and potentially forced by anthropogenic warming. They therefore provide a potentially incom-
plete record of natural hydrological variability and inaccurate benchmarks of long-term natural runoff
extremes. While longer-term, highly-resolved (annual), tree ring (TR) based paleohydrological recon-
structions are increasingly being used worldwide by water managers and stakeholders to extend short
observational streamflow records, this approach is difficult in complex temperate watersheds like the
Fraser. For this study I developed the first multi-century, sub-annual resolution (seasonal), paired freshet
and drought reconstructions within a single watershed. I targeted the Upper Fraser Basin since it repre-
sents the headwaters and primary runoff source of the greater Fraser Basin. By focusing on sub-annual
streamflow seasons, I was able to both independently reconstruct seasonal extreme flow events, and
also overcome methodological limitations that precluded prior attempts to reconstruct total water-year
runoff in this watershed. Newly developed and existing TR chronologies from multiple species were used
as proxies for seasonal temperature and cool-season precipitation which are, in turn, drivers of stream-
flow in each reconstruction season. I analyzed the magnitudes, durations, and statistical probabilities
of high freshets and droughts over the past 140 years. My results suggest that the instrumental records
do not accurately reflect the full variability of high freshet events or drought events as both duration and
magnitudes of past events are higher than any during the observed time period. There is also a change in
iii
the frequency of high freshet events towards more frequent occurrences since 1950 AD. The new extreme
event reconstructions presented here provide paleoenvironmental benchmarks that can be used by wa-
ter managers and stakeholders to significantly change and improve water management-relevant statisti-
cal analyses such as frequency analysis and return periods calculation, and adapt to future freshets and
droughts on the Fraser River under climate change.
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1.1 Fraser River Basin
The Fraser River Basin (FRB) of British Columbia (BC) has about 2.7 million inhabitants including
half of the 198 First Nations in the province (BC River Forecast Centre, 2010); supports one of the world’s
largest fisheries including all five keystone species of Pacific salmon (Fraser Basin Council, 2009); and
is a cornerstone of western Canadian culture, environment, and economy. A hydroloclimatically- and
topographically- complex watershed, the FRB encompasses 7 of BC’s 16 biogeographical regions (Fraser
Basin Council and BC Ministry of Environment) and spans the western ranges of the Canadian Rocky
Mountains, interior plateau, and BC Coastal Mountains, draining approximately 230,000 km2 or about
25% of the province of British Columbia (BC) (Thomson, 1981) and discharging into the Strait of Georgia
(1.1).
Climate across the FRB exhibits large variations in both temperature and precipitation due to the
spatial complexity of the basin. Precipitation ranges from 400-800mm yr-1 in the rain shadow of the
Coast mountains and the Interior Plateau, up to 3000mm yr-1 in the coastal and mountainous regions
(Kang et al., 2014) with some Coast region sites receiving up to 5000mm yr-1 (Rodenhuis et al., 2009).
Mean annual air temperature ranges from 0.5°C and 7.5°C from the northwest Skeena Mountains to the
south near the Okanagan region with mean summer temperatures between 11°C to 16.5°C and mean
winter temperatures of -11°C to -1°C (Benke and Cushing, 2005). Overall the Interior Plateau is the driest























Figure 1.1: Map of the FRB and its major sub-basins with boundaries in blue, streamflow gauge stations and
mountain ranges. Existing and new FRB tree-ring chronologies and their hydroclimate sensitivities (T = tempera-
ture, P = precipitation]. The sub-basin names and codes are: Upper Fraser Basin (UF), Stuart (SU), Nautley (NA),
Nechako (NE), Quesnel (QU), North Thompson (NT), South Thompson (ST), Thompson-Nicola(TN), Chilcotin
(CH), Lillooet-Harrison (LH) and Lower Fraser (LF).
snow (Benke and Cushing, 2005; Rodenhuis et al., 2009).
The FRB is a nival, or snowmelt-dominated, watershed with annual peak flows strongly correlated with
1 April SWE (Curry and Zwiers, 2018). The watershed has few empoundments and a rapid concentration
time (>1month; (Ferrari et al., 2007)), resulting in an annual flow pattern characterized by two distinct
hydrologic events each year: a high flow period (freshet or flood) in spring and low flow period (drought)
in the late summer and early fall (Fig. 1.2), both of which are driven by snow meltwater (Curry and Zwiers,
2018).
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Figure 1.2: A: Hydrograph of total monthly runoff for the Fraser River main stem gauge at Hope and its major
sub-basins. Shading indicates months that were candidates for reconstructions (first, tightly-hatched months for
potential freshet reconstruction, second hatched set of months for potential drought reconstruction) while red
boxes indicate months that were selected and have working reconstructions. B: Distribution of UFB daily average
discharge by month from Shelley gauge station.
Multiple studies have documented significant declines in snowpack across the Western United States
and North American Cordillera since the 1950s (McCabe and Dettinger, 2002; Abatzoglou, 2011; Fyfe
et al., 2017; Mote et al., 2018) as well as over the Canadian Rockies (Harder et al., 2015), with widespread
changes to runoff timing, rate, quantity, and the magnitude and duration of extremes in nival water-
sheds. Analyses of instrumental streamflow data for the Fraser River have revealed earlier occurrence
of annual cumulative peak runoff during the 20th century (Foreman et al., 2001; Morrison et al., 2002;
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Ferrari et al., 2007). Déry et al. (2012) studied variability and trends of annual streamflow for the FRB
between 1911 - 2010 and found a trend in recent decades towards greater interannual variability partic-
ularly in the spring and summer months, yet overall, efforts to model and understand recent hydrologic
change have been complicated by very short (approximately 50 to 100 years) instrumental records (Islam
and Déry, 2017).
In the FRB, lowland and Interior Plateau regions may have already begun a transition toward hy-
brid nival-pluvial (snow- and rainfall- dominated) flow regimes (Ferrari et al., 2007; Shrestha et al., 2012;
Zhang et al., 2001), and are ultimately expected to shift to a rainfall-dominated system as is the entire
FRB (Morrison et al., 2002), resulting in earlier and higher-magnitude peak flows as well as reduced sum-
mer flows (Eaton and Moore, 2010). Both high freshets and droughts have worsened in recent decades
(Déry et al., 2012) and interannual hydrological variability has also generally increased across most of the
FRB over the same time period (Déry et al., 2012) with substantial changes in runoff variance especially
during spring and summer (Kang et al., 2016). Negative streamflow trends consistent with a reduction
in glacial ice cover have been detected in basins with glacier coverage, although the relative influence of
glacial on runoff in the FRB is minor compared with precipitation (Stahl et al., 2006).
Observed hydrologic shifts in the FRB are set to worsen due to both direct and indirect impacts of
climate change. Using 7 Global Circulation Models (GCM) and 4 different climate scenarios Kerkhoven
and Gan (2011) project an average temperature increase of 4.0°C while precipitation is predicted to in-
crease by 8.4% in just the next 100 years. These changes are predicted to lead to a loss of a third of the
snow cover across the FRB by the 2050s, with higher temperatures leading to more precipitation falling
as rain and faster melting of snow cover (Islam and Déry, 2017). Accounting for elevation-dependent
differences, projected snow cover losses are predicted to lead to enhanced and earlier peak discharge
and subsequent reductions in summer runoff (Shrestha et al., 2012). Taken together, hydrologic shifts
in the Fraser Basin threaten to substantially disrupt water supply, agriculture, industry, riverine and ri-
parian ecosystems, and salmon runs (Barnett et al., 2005; Shrestha et al., 2012; Kerkhoven and Gan, 2011).
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1.2 Freshet
The spring freshet describes the onset of the peak annual runoff or flood period which, in the FRB,
is primarily driven by annual maximum snow water equivalent (SWE) and typically observed between
mid- to late April (Déry et al., 2014; Morrison et al., 2002). It can be detected as the rising limb or arm
in the hydrographs for the FRB (Fig. 1.2) resulting from a pulse of high runoff brought on by snowmelt
(Morrison et al., 2002). The freshet has in the past been the main contribution to FRB streamflow leading
to the categorization of the FRB as a nival system (Curry and Zwiers, 2018). It has been demonstrated
that rapid warming in spring can lead to earlier annual peak discharge as well as higher discharge (Curry
and Zwiers, 2018).
The timing of the FRB freshet has shifted recently due to changes in the storage of water in the snow-
pack and temperature shifts (Déry et al., 2009; Morrison et al., 2002; Schnorbus et al., 2012). Kang et al.
(2016) detected a 10-day advance of the FRB spring freshet for 1949-2006 linked to the effects of increas-
ing temperatures across the basin that also lead to reduced summer streamflow. The same study also
documented enhanced April and May runoff by a minimum of 1500 m3s-1 over the same time period
through a reconstruction using Kendall-Theil Robust Lines of daily streamflow (Kang et al., 2016). An
increase in temperature and shift in precipitation towards rainfall rather than snowfall will lead to more
rain-on-snow events at high elevations during the winter, and by extension, more frequent and severe
rain-on-snow induced flood events (Musselman et al., 2018). A multi-model ensemble derived from a
Variable Infiltration Capacity (VIC) model with climate forcing by 12 GCMs under 2 emission scenarios
predicted future spring runoff increases of 40% to 100% over the Rocky and Coast Mountains of BC due
to earlier snowmelt (Islam and Déry, 2017).
1.3 Drought
In the FRB peak flow occurs between April and July with annual lowest flows between December and
February when precipitation mainly falls as snow and does not contribute to surface runoff (Morrison
et al., 2002; Moore and Wondzell, 2005; Eaton and Moore, 2010) (Fig. 1.2). Summer low flows occur-
ring from June to October are driven by a combination of reduced snow meltwater supply and enhanced
evapotranspiration. Although not as reduced as those during winter, summer low flows pose a much
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greater threat to human and ecological water supply, as well as salmon runs (Padilla et al., 2015; Fore-
man et al., 2001) (Fig. 1.2). The summer low flow season is therefore generally described as the ’drought
season’, consistent with the concepts of hydrologic or streamflow drought in which there is less than av-
erage surface water availablilty (Dracup et al., 1980; Wilhite and Glantz, 1985). Like the freshet, summer
drought on the FRB is primarily driven by annual maximum SWE (Eaton and Moore, 2010). During this
season, high-pressure systems dominate across the watershed, resulting in little precipitation. As a re-
sult, runoff primarily comes from snow meltwater stored and slowly released by mountain snowpacks
(Stahl et al., 2006).
Nival rivers in Western Canada are experiencing overall negative trends in summer runoff (Déry et al.,
2009) which has been linked to earlier onset of snowmelt due to higher temperatures (Whitfield and Can-
non, 2000) and reduced water storage in snow packs (Déry et al., 2009). Due to earlier onset of snowmelt
Fraser River freshets have intensified and occur earlier in the year, resulting in lower runoff during the
summer due to decreases in snow meltwater availability (Kang et al., 2016). While uncertainties sur-
rounding the impact of temperature on the timing of snowmelt have been cited as a source of uncer-
tainty in hydrological modelling (Islam and Déry, 2017), model predictions of mean seasonal runoff out
to the 2050s show increased winter and spring runoff followed by reductions of nearly -50% during sum-
mer (Islam and Déry, 2017). These reductions are particularly strong in the Rocky and Coast mountains,
the runoff source regions of the FRB (Islam and Déry, 2017). The potential for glacial meltwater to buffer
FRB summer drought is minimal due to the small percentage of glaciarized areas in the watershed, and
will only decrease further as glacier wastage continues (Shrestha et al., 2012; Stahl et al., 2006; Schnorbus
et al., 2012). Overall, summer drought on the FRB is expected to intensify in both duration and magni-
tude as snowpacks are depleted over the coming decades (Islam and Déry, 2017; Kang et al., 2016; Déry
et al., 2009; Cunderlik and Ouarda, 2009).
1.4 Ocean-atmosphere modes
Influences of large scale ocean-atmosphere climate modes on the hydroclimate of the FRB have been
documented by several studies (Rodenhuis et al., 2009; Whitfield et al., 2010; Spry et al., 2014; Bonsal
et al., 2001; Shabbar et al., 1997). Varying over inter-annual to inter-decadal timescales, the main in-
fluences originate from the Pacific Decadal Oscillation (PDO), the El Niño Southern Oscillation (ENSO)
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and Pacific North American (PNA) pattern (Abatzoglou, 2011; Mote et al., 2018; Rodenhuis et al., 2009).
The influence of ENSO occurs on an inter-annual timescale and can be detected primarily during winter
(Shabbar et al., 1997; Kiffney et al., 2002), with negative temperature and precipitation anomalies during
El Niño conditions (positive phase ENSO)and positive anomalies during La Niña conditions (negative
phase ENSO) (Shabbar and Khandekar, 1996; Shabbar et al., 1997). Thus, cooler and wetter winters with
enhanced snowpacks are associated with La Niña events (Rodenhuis et al., 2009; Mood et al., 2020) while
El Niño events result in intensified streamflow droughts in southern BC. Influences of PDO on surface
climate are often coupled with ENSO (Rodenhuis et al., 2009; Whitfield et al., 2010), with positive phase
PDO and strong El Niños associated with warmer and drier winters, below normal snow packs, and re-
duced water-year FRB runoff (Kiffney et al., 2002; Stahl et al., 2006; Moore and McKendry, 1996; Bonsal
et al., 2001; Mantua et al., 1997). The positive or enhanced phase PNA and PDO has been associated with
increased winter precipitation while the opposite holds true for negative phase PNA and PDO (Thorne
and Woo, 2011), additionally PNA broadly impacts the hydroclimate through changes in the winter storm
intensity and frequency (Rodenhuis et al., 2009).
Analysis of the effects of ocean-atmosphere modes on FRB runoff is complicated by the short dura-
tion of instrumental flow records. For example, the relatively long duration of PDO phases means few
’sample’ shifts occurred within the instrumental period (Mantua and Hare, 2002; Whitfield et al., 2010).
Long-term paleoenvironmental reconstructions of streamflow have contributed substantially to exam-
ining influences of climate modes on runoff over centuries (Stahle et al., 2020; Mantua et al., 1997; Wilson
et al., 2009; Hart et al., 2010; Coulthard et al., 2016) and have the potential to do so for the FRB if they can
be developed.
1.5 FRB sub-basins
The FRB is made up of 13 major sub-basins that exhibit substantial seasonal runoff heterogeneity
(Déry et al., 2012) related primarily to their location between the Coast mountains, the Interior Plateau,
or the Canadian Rockies (Fig. 1.1), and differences in mean basin elevation (ranging from 1070 m to 1756
m, (Kang et al., 2014; Déry et al., 2012)). 11 sub-basins are monitored by hydrometric gauges including
the Upper Fraser (UF), Stuart (SU), Nautley (NA), Nechako (NE), Quesnel (QU), North Thompson (NT),
South Thompson (ST), Thompson-Nicola(TN), Chilcotin (CH), Lillooet-Harrison (LH) and Lower Fraser
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(LF) (Fig. 1.1). Compared to the mean annual discharge of the FRB at Hope gauge station, the six largest
sub-basins contribute 75% of streamflow, the UF leading with 29.3% followed by the TN - 28%, QU - 8.7%,
SU - 4.8%, CH - 3.2% and the NA with 1.1% (Kang et al., 2016). Timing and magnitude of peak discharge
varies across sub-basins, occurring in May to June in the UF but not until July to August in the CH (Kang
et al., 2014). Only 1.5% of the FRB is glaciarized and most sub-basins have little to no glacial coverage
with the highest fractions in the CH and LH (6.8% and 8.3% respectively, (Kang et al., 2014).
In the interest of leveraging the longest and most temporally-complete instrumental streamflow data
that are relevant to spring freshet and summer drought events across the greater FRB, this study focuses
on reconstructing streamflow for the Upper Fraser Basin (UFB), as measured at the Shelley gauge station
(Table 1.1) which covers 1950 to 2017. The UFB represents the headwaters of the watershed and exerts
the largest hydrologic influence on main stem FRB flows as measured at the Hope BC gauge (29% of
total annual flows) (Curry and Zwiers, 2018). River Forecast Centre flow models give the time that UFB
runoff measured at Shelley gauge station needs to reach Hope gauge station (>1month; (Ferrari et al.,
2007)) as only approximately 2 1/2 days, emphasizing the two systems are tightly linked (River Forecast
Centre, 2012). A recent study of changes in streamflow timing of the Fraser demonstrated that through
tracking flow for the UFB and the TN it is possible to track low periods for the FRB (Kang et al., 2016) fur-
ther underlining the importance of the UFB. Annual maximum snow water equivalent (SWE) is the best
predictor for both UFB peak flows (Curry and Zwiers, 2018) and low flows (Kang et al., 2016) of greatest
concern for future risk under climate change and of primary interest for this study.
Table 1.1: Information on gauge station used in this study
Station name Station I.D. Latitude Longitude Drainage area [km2] Start year End year
Fraser River at Shelley 08KB001 54.00367 -122.62475 32400 1950 2017
1.6 Dendroclimatology and Dendrohydrology in BC
Dendroclimatology and dendrohydrology describe the use of TR records as sources of information or
proxies for environmental variables in climatological and hydrological studies. The use of TRs as sources
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of environmental information was developed by Andrew E. Douglass who first used TRs as records of
precipitation at the beginning of the 20th century in the US state of Arizona (Fritts, 1976). He was the first
to establish many of the principles (crossdating, chronology building, etc) that build the basis of modern
dendrohydrology (Fritts, 1976). Over time the range of applications for TRs has moved from the histori-
cal use for reconstructions of annual water-year runoff in semi-arid regions to seasonal reconstructions
of various climate variables including snow water equivalent (Woodhouse, 2003) and Palmer Drought
Severity Index (Cook et al., 2004). Today, dendroclimatological and dendrohydrological reconstructions
are used worldwide to calibrate Global Circulation Models (Anchukaitis et al., 2010), inform water man-
agement (Coulthard et al., 2016; Woodhouse; Kang et al., 2014), investigate potential links of earthquakes
and rockfall (Stoffel et al., 2019) and long-term pattern of precipitation (Wilson et al., 2012), reconstruct
glacier mass balance (Watson and Luckman, 2004a; Marcinkowski and Peterson, 2015; Wood et al., 2011)
to give a few examples.
Dendroclimatology and dendrohydrology invoke the Uniformitarian Principle which states that the
biological and physical processes linking tree growth and climate variables in the present also existed in
the past (Fritts, 1976; Speer, 2010). This is important as it builds the theoretical foundation for the use
of present-day TR and climate relationships to draw conclusions about past climate conditions (Fritts,
1976; Speer, 2010). The biological and physical processes of climate variables acting as limiting factors
of tree growth in specific growing environments is described by the Principle of Limiting Factors (Fritts,
1976). It relates how out of three primary factors required for tree growth (sunlight, water, nutrients), the
variable that is in most limited supply will control the annual radial growth increments of trees (Fritts,
1976; Speer, 2010). The Principle of Site Selection (Fritts, 1976; Speer, 2010) capitalizes on these limita-
tions and describes how physical and climatological characteristics of sites can increase the limitation
exerted on tree growth by a climate variable. Related to this is the Concept of Ecological Amplitude
detailing species-specific ranges of habitats in which species growing at their ecological amplitude will
experience greater limitation and thus higher stress which will be incorporated into TRs as signal of the
limiting factor. Equally important for dendrohydrological studies is the Principle of Replication, which
describes how the use of more than one sample per tree and multiple trees per site increases the com-
mon climate signal of the average chronology. This is due to the climate signal being shared by the trees,
while the biological growth signal is individual to each tree and will be minimized through the detrend-
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ing and averaging of the width measurements (Fritts, 1976, 1971; Bradley, 2011; Hughes, 2011).
Although northern, cooler and wetter environments in Canada were long considered to have lit-
tle dendroclimatological potential (Watson and Luckman, 2006), multiple studies have demonstrated
the utility of conifer species for dendroclimatological and dendrohydrological reconstruction across the
province of BC. Total ring width, maximum latewood density, and blue intensity measurements of En-
gelmann spruce (Picea engelmanii Parry) radial growth have each served as high-quality temperature
proxies, used for mean and maximum summer temperature reconstruction in the Canadian Rockies (St.
George and Luckman, 2001; Watson and Luckman, 2006) and interior BC (Wilson and Luckman, 2003).
These chronologies feature heavily in the Past Global Changes 2k network of Common Era temperature
proxies (Emile-Geay et al., 2017; Wilson et al., 2016). The relationship of tree growth to temperature is
imparted via minimum temperatures needed at treeline or in boreal zones to promote the start of growth
(Rossi et al., 2008, 2007, 2014). Temperature also affects the lignin content of the secondary cell wall layer
in latewood and proportional to the lignin content differing levels of UV absorption can be measured as
Blue Intensity metric and thus used as temperature proxy (Heeter et al., 2020; Gindl et al., 2000; McCar-
roll et al., 2002; Sheppard et al., 1996; Wilson et al., 2016).
TR width measurements of Mountain hemlock (Tsuga mertensiana (Bong.) Carrière) annual radial
growth are also occasionally sensitive to annual temperature variability (Pitman and Smith, 2012) but
have most widely served, along with total ring width records of Amabilis fir (Abies amabilis (Dougl.)
ex. Louden) as proxies for annual snowpack variability in BC, for instance in the south coastal region
(Coulthard, 2015), the Stikine watershed in northern BC (Welsh et al., 2019), and the southern Coast
Mountains (Mood et al., 2020). The limitation through snow is most often given as the inability of trees
to take up water while under high snowpacks as the insulation through the snowpack keeps soil moisture
viscosity too high for trees to use (Kozlowski, 1964; Coulthard, 2015; Peterson and Peterson, 1994).
Conifers in BC may also serve as proxies for precipitation on annual or sub-annual timescales. In arid
or semi-arid regions trees can be sensitive to precipitation when the available soil moisture from rain or
snow melt water is low (Meko and Woodhouse, 2011). This limitation can occur on low elevation sites
where soil moisture availability is limited during the summer and has been leveraged in precipitation re-
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constructions for analysis of drought patterns (Watson and Luckman, 2005; Axelson et al., 2009). Recon-
structions of annual precipitation for three sites in the southern Canadian Rockies were constructed from
Douglas-fir (Pseudotsuga menziesii (Mirb.) Franco) chronologies that explained 50 to 60% of variability
in the instrumental record during the calibration period (Watson and Luckman, 2001). A large network
consisting of 53 Douglas-fir and ponderosa pine (Pinus ponderosa Dougl. ex P. & C. Laws.) chronologies
from semi-arid sites in the southern Canadian Cordillera was also used to reconstruct annual precip-
itation for the region revealing possible links to large scale climatic anomalies (Watson and Luckman,
2004b).
TR based streamflow reconstructions in BC have only recently been completed with statistical rigour,
and typically draw on a combination of TR proxy types sensitive to different climate variables that also
drive runoff. Importantly, these studies have generally demonstrated that streamflow reconstructions
are possible in this setting when sub-annual timescales are targeted. For example, Hart et al. (2010) used
a multi-species approach utilizing both Engelmann spruce and mountain hemlock chronologies to de-
velop a June-July streamflow reconstruction of the Chilko River in the Coast Mountains of BC, resulting
in one of the first statistically robust dendrohydrologic reconstruction (r2 = 52%) in the province (Hart
et al., 2010). Another multi-species study utilized five species (western hemlock (Tsuga heterophylla
(Raf.) Sarg.), western red cedar (Thuja plicata Donn ex. D.Don), Douglas-fir, yellow cedar (Callitropsis
nootkatensis (D.Don) Oerst.), subalpine fir (Abies lasiocarpa (Hooker) Nuttall)) to reconstruct streamflow
in two nival-regime rivers (Starheim et al., 2013). The reconstructions of July-August streamflow for the
Atnarko and Skeena River explain 28% and 44% of variability in the instrumental record (Starheim et al.,
2013). Coulthard et al. (2016) and Coulthard and Smith (2016) later used a data-driven approach draw-
ing on a posteriori knowledge of the climate variables controlling both TR chronologies and seasonal
runoff to develop drought-season streamflow reconstructions for small watersheds in south coastal BC,
demonstrating that recent severe droughts were not outside the range of natural variability over the past
500 years and are likely to become much worse in coming decades. Notably, these drought reconstruc-
tions have statistical power comparable to classic semi-arid reconstructions such as those of the Col-
orado River (r2 = 64%).
Overall, despite the promise of TR based climate and streamflow reconstruction in BC indicated by
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these prior studies, existing work has focused either on broad-scale temperature reconstructions that
contributed to Northern Hemisphere temperature modeling (Wilson et al., 2016; Emile-Geay et al., 2017),
precipitation reconstructions for the southwestern region of the province, or small-, local-scale stream-
flow reconstructions (Hart et al., 2010; Coulthard et al., 2016; Coulthard and Smith, 2016).
High-resolution, TR based paleostreamflow modeling for the FRB has thus far been precluded by the
traditional dendrohydrological approach, which links TR records sensitive to water-year precipitation
with large semi-arid watersheds whose total annual runoff is also controlled by water-year precipitation
(Woodhouse et al., 2006; Meko et al., 2007; Woodhouse). The hydroclimatic, biogeographic, and topo-
graphic complexity of the FRB means that water-year flow reconstructions are not only unfeasible but
also not meaningful from a water resources management standpoint. The streamflow reconstruction
most relevant to the FRB is likely that developed for the Columbia River main stem which set an impor-
tant precedent for the ability to develop dendrohydrological reconstructions of the type proposed here
and used a similar combination of SWE- and temperature- sensitive TR chronologies (Littell et al., 2016).
Two different reconstruction methods were used and the best reconstruction explained 59% of historical
variability reaching back to 1609 CE (Littell et al., 2016). Further analysis of low and high flows revealed
that droughts of similar impact as those during the 1920s and 1940s have occurred before but appear to
be rare while high flows are accurately represented by the instrumental records with one period of more
extreme high flows from the 1680s to 1740s (Littell et al., 2016).
Unlike the traditional water-year approach developed to conduct dendrohydrology in semi-arid wa-
tersheds, here I employ a data-driven approach, based on a posteriori knowledge of the climate variables
that control both TRs and seasonal runoff, for the selection of TR proxies and reconstruction period. The
aim is to independently reconstruct freshet-season and drought-season streamflow for the FRB. This is
made possible by the fact that both freshet-season and drought-season streamflows in the UFB are pri-
marily controlled by April 1 SWE and spring temperatures (Curry and Zwiers, 2018; Shrestha et al., 2012).
Two types of TR chronologies are therefore used, a set that are sensitive to April 1 SWE and a set that are
sensitive to seasonal temperature variability.
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1.7 Upper Fraser Basin
The UFB covers a gauged area of 32,400 km² with a mean elevation of 1413 m (1.1) and only 3% glacier
coverage (Déry et al., 2012; Kang et al., 2016). Snow-melt contributions to runoff generation have experi-
enced greater declines in the UFB (-200 mm) than in any other FRB sub-basin, suggesting it is particularly
sensitive to recent climate changes (Kang et al., 2014). Given that there has been no recent change in UFB
total annual runoff amount, these declines are attributed to a 1.4°C rise in mean annual air temperatures
and associated reduction of snow accumulation from 1949 through 2006 (Kang et al., 2014). This trend
is only projected to intensify as the rate of warming in the UFB between 1949 and 2006 was estimated
to have been higher (0.4°C decade-1) then in all other sub-basins (0.2°C decade-1) (Kang et al., 2014).
Considering that multiple studies suggest the entire FRB could transition from a nival towards a pluvial
system (Morrison et al., 2002; Shrestha et al., 2012; Kerkhoven and Gan, 2011) the shift is likely to occur
in the UFB as well. Research into the effect of climate change on the UFB analysed ensembles of eight
GCMs with three emissions scenarios and found projected increases in median annual temperature of
1.8 to 2.5°C as well as increases in median annual precipitation of 10 to 11% by the 2050s compared to
the 1970s (Shrestha et al., 2012). There is also a seasonal change in discharge patterns with an increase in
spring and a decrease during summer linked to changes in precipitation and earlier snowpack depletion
(Shrestha et al., 2012) which dependent on the timing of temperature changes could impact the flood
risk of the basin (Hamlet and Lettenmaier, 2007). Islam and Déry (2017) investigated changes in the
contribution of snow to runoff generation for the 2050s compared to the 1990s and project decreases of
−8.5±7.0% under the controlled emissions scenario and −12.5±8.7% for the rising emissions scenario.
This is in line with findings by Shrestha et al. (2012) whose GCM ensemble median predicts decreases in
April 1st SWE of between -6% and -17% when comparing 1970s and 2050s and runoff changes between 7
and 10% depending on emissions scenarios.
1.8 Hypotheses
Recent climate shifts have resulted in an intensification of both spring freshets and summer droughts
in the UFB (Kang et al., 2016), potentially within the same year (Shrestha et al., 2012). Given these
changes, and associated hydrologic risks, are only projected to worsen under future warming (Shrestha
et al., 2012), this thesis addresses the following hypotheses:
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1. The duration and/or magnitude of freshets and droughts in the UFB during the observed period
falls outside of the natural range of ‘natural variability’ defined by long-term reconstructed records.
2. The statistical probability of high freshet and drought events during the most recent 30 year clima-





Gauged daily and monthly streamflow datasets were extracted from the Environment and Climate
Change Canada Historical Hydrometric Data web site (https://wateroffice.ec.gc.ca/mainmenu/
historical_data_index_e.html) on January 27th, 2020. The Fraser River at Shelley station (Table 1.1)
was selected because it has a long, continuous (no missing monthly values) measurement record from
1950 to 2017 that has been previously used to study the UFB (Curry and Zwiers, 2018) and is generally
representative of full Fraser Basin seasonal streamflow (Stephen D’ery, pers. comm.).
Distributions of daily discharge data were examined using box and whisker plots (Fig. 1.2), and in
combination with monthly runoff patterns informed the selection of spring freshet and summer drought
seasons for reconstruction. The rising limb of the hydrograph was used to identify the monthly freshet
timing while the recession limb was used to identify the drought season. All months contained in the
hatched lines in Fig. 1.2 were considered as candidate months for potential reconstructions, the first
section of tighter-hatched months were considered for potential freshet reconstructions and the second
hatched set of months for a potential drought reconstruction. Monthly and/or seasonal runoff datasets
were then developed based on the results, and a Shapiro-Wilk test was used to test the normality of
each dataset. A natural logarithmic transformation was applied to non-normal monthly and/or sea-
sonal runoff records to meet the requirements of linear regression for the subsequent reconstructions.
15
2.2 Tree Ring Data
TR chronologies were selected and/or sampled for this study with the goal of developing high-resolution
paleoenvironmental proxies of cool-season precipitation and seasonal temperature which are, in turn,
drivers of streamflow in each of the two reconstruction seasons. TR datasets come from a previously
existing network of TR chronologies developed by B. L. Coulthard, raw measurements downloaded from
the International Tree Ring Databank (ITRDB, https://www.ncdc.noaa.gov/data-access/paleocli
matology-data/datasets/tree-ring), and six new TR chronologies sampled in summer 2019 for this
study. Four of the chronologies downloaded from the ITRDB were also updated (resampled) in summer
2019.
Table 2.1: Tree-ring sample sites and chronology information for chronologies used in this study, listed first are
sites for chronologies developed in the HYTRAC Lab with information on updated chronologies where appropriate.
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The Coulthard and ITRDB chronologies were developed using the statistical methods described be-
low and underwent a climate sensitivity analysis prior to this study involving correlation and partial
correlation analyses with climate (temperature, precipitation, SWE) and streamflow data for individual
months and seasons to identify chronologies that may serve as proxies for climate in an FRB freshet- or
drought-season runoff model (results not shown). A combination of SWE-sensitive and temperature-
sensitive TR chronologies were targeted because these climate variables are main drivers of streamflow
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in the FRB and UFB (Kang et al., 2014; Curry and Zwiers, 2018). Chronologies that met correlation crite-
ria were selected for updating in summer 2019 (Table 2.2).
Six new sample sites that did not have pre-existing TR chronologies were then selected to fill spatial
gaps in the Coulthard and ITRDB network, based on the Principal of Site Selection, Principle of Limiting
Factors, and Biogeoclimatic maps (Biogeoclimatic Ecosystem Classification and Ecology Research pro-
gram, 2018). For SWE-sensitive chronologies, sample sites were located between 600 and 2500 m above
sea level, in north-facing and/or topographically shaded forest stands where growth may be limited by
the length of the growing season determined by the snowpack as previously described (Coulthard et al.,
2020). For temperature-sensitive chronologies, high elevation sites close to the treeline were chosen,
where summer temperature is most likely to be the limiting factor controlling total annual ring width
increments as previously described (Rossi et al., 2007; Vaganov et al., 2010).
The six new chronology sites as well as the four chronology update sites were sampled using stan-
dard dendroclimatological methods. A minimum of 20 trees were sampled at each sample site, with two
core samples extracted from each tree (Principle of Replication) using a 5.0 mm Haglöf increment borer.
Trees were selected based on minimal outward evidence of disturbance (eg. mass movement, insects,
wind). For trees situated on a slope, cores were extracted parallel to the slope contour to avoid compres-
sion and extension wood (Stokes and Smiley, 1968; Fritts, 1976). Cores were stored in 2’ plastic straws
for transportation to the HYTRAC Lab where they were mounted on slotted boards and surfaced with in-
creasingly finer grits of sanding paper from 60p to 1200p until unicellular ring structures became visible.
The rings were then annually dated and the total (RW), earlywood (EW), and latewood (LW) widths mea-
sured to an accuracy of 0.001 mm with a Velmex measuring stage system and Tellervo software (Brewer,
2014). Distinction of the boundary between early- and latewood was defined as the point where more
than half of the cells showed a reduction of cell volume and lignification. Next each sample was cross-
dated visually (list method) and statistically using the program COFECHA (Version 6.02; (Holmes, 1983)).
The specimens that were collected as updates existing chronologies (Table 2.2) were then combined with
existing raw ring-width measurement datasets through statistical crossdating using COFECHA (Version
6.02; (Holmes, 1983). Statistical crossdating was also performed for five HYTRAC chronologies (Table
2.2), for two chronologies from the Joffre lake site (one each from 2018 and 2019) and three from the
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Spatsum (from 2019), Spatsum slope and Spatsum fan site (both 2018).
Once crossdated, the potentially temperature-sensitive Engelmann spruce chronologies (Sicamous,
Revelstoke and Peyto Lake) were shipped to collaborators at the Idaho Tree-Ring Lab (ITRL) at the Uni-
versity of Idaho Department of Geography. There the samples were processed by K. Heeter and G. Harley
who produced one total ring width blue intensity (BI) and one latewood BI (LWB) chronology per site. For
this the samples were sanded again with a finer grit size (hand sanding with 9μm film (Speer, 2010; Heeter
et al., 2020) and did not require any chemical treatment as discolourations due to heartwood/sapwood
differences were minimal in these specimens. Next samples were scanned at 2400 dpi on an Epson Ex-
pression 12000XL scanner using an IT8.7/2 calibration card coupled with the 89 SilverFast software to
ensure replication (Heeter et al., 2020). Cores with a large proportion of traumatic resin ducts across the
entire width of a ring, and/or fungal stains, were excluded to ensure accurate blue reflectance values.
Next, RW measurements (non-BI; not used in this study) were collected using the automated detec-
tion program CooRecorder (Larsson, 2014) which generates RW measuremets to the nearest 0.001 mm
precision, and these measurements were once again checked for dating accuracy using the COFECHA
software (Holmes, 1983). Following this the actual BI values were measured using CooRecorder (Larsson,
2014).
Raw measurement series from all HYTRAC, BI, Coulthard and ITRDB chronologies were detrended,
standardized, and chronologies representing average tree growth at that site developed using the R pack-
age dplR (Bunn, 2008). Detrending involves the statistical removal of non-climatic trends in TR width
measurements such as known biological growth trends (Fritts, 1976) to enhance climate signal (Speer,
2010). Various detrending methods were sensitivity-tested and a negative exponential curve (Fritts et al.,
1969) was selected as a primary choice, or where that failed, a linear model to be fitted as first alternative
and a line through the mean as second alternative in case of a non-positive slope for the linear model
(Bunn, 2008). Detrended series were then prewhitened by Autoregressive Modelling (ARMA) to further
isolate climate signal in TR measurements (Cook and Briffa, 1990; Cook and Peters, 1997). Prewhiten-
ing is sometimes applied because TR chronologies are often autocorrelated, meaning a specific year’s
growth influences the growth of one or multiple following years (LaMarche, 1974; Speer, 2010), and this
can complicate statistical testing.
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Next, measurement series were statistically standardized and aggregated as dimensionless growth
indices, thereby enhancing signal (climate) and diminishing noise (forest disturbance; (Cook and Briffa,
1990)). For each site two of these indices were produced using the arithmetic mean to average each
year’s measurements, resulting in a standard (no prewhitening, contains autocorrelation) and a residual
(prewhitened, no autocorrelation) chronology. When indexing missing rings were treated as .001 mea-
surements.
A set of standard statistical measures were used to assess chronology quality and to determine the
strength of the climate signal including mean sensitivity and the expressed population signal (EPS) (Wigley
et al., 1984; Cook and Briffa, 1990). The EPS describes to what degree a TR chronology from a finite num-
ber of samples is able to reflect a hypothetical, perfect TR chronology based on an infinite number of
trees (Wigley et al., 1984). Chronologies were truncated where the EPS fell below 0.80. All new and up-
dated RW-, EW-, LW-width and BI TR chronologies were sorted into groups based on their potential
climate sensitivity (SWE, temperature) to make up a final made-for-purpose network of TR chronologies
for the UFB.
Finally, all chronologies were cross correlated with the hydrological data for single month and mul-
tiple month periods with correlation significance at p<.05. This served to identify a pool of chronologies
that could serve as candidate model predictors for reconstructing freshet-season and drought-season
runoff in the UFB. Correlation tests also helped to identify a set of streamflow months and/or seasons
with the greatest potential for a reconstruction. Only chronologies that had at least 40 years of overlap
with the streamflow data were used in cross correlation testing. The result was a candidate TR chronol-
ogy predictor pool for each potential streamflow reconstruction month or season.
2.3 Reconstruction development
Forward stepwise multiple linear regression was used to estimate and compare reconstruction mod-
els of monthly and/or seasonal UFB streamflow based on each month or and/or season’s associated pool
of candidate TR chronology predictors, in MATLAB (The MathWorks, Inc., 2020). Models were tested for
each month/season identified during the correlation analysis step.
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TR chronology predictors were entered with both negative and positive 1-year and 2-year lags (in
time) to allow TR information of previous and successive years to explain conditions in the given year
(Cook and Kairiukstis, 1990). Models were calibrated over a minimum 40-year period of overlap with ob-
servational streamflow data, and the model fit and temporal stability of the tree ring-runoff relationship
was validated using a leave-n-out cross-validation where data points are left out one after another while
predictions are made for this data point (Michaelson, 1987), n was defined as 1+2*maxlag, where maxlag
is the maximum positive and negative lag allowed in the model (Meko, 2020).
A suite of diagnostic statistics were computed to guard against model over-fitting and to generally
evaluate the regression model (Rencher and Pun, 1980; Cook and Kairiukstis, 1990). The adjusted R²
statistic is an indicator of the explanatory power of regression models and the reduction of error (RE)
provides a measure of reliability for the estimation (Cook and Kairiukstis, 1990). Analysis of the residuals
for auto-correlation was done using the Durbin-Watson (DW) test for first year autocorrelation and the
Portmanteau test which tests the assumption of random residuals without specification of which year
(Ostrom, 1990). The statistical significance of the regression equation was tested with the F-ratio and
reliability of the predicted values from the model calibration was assessed using the standard error of
the estimate (SE) (Weisberg, 1985).
Based on the statistical tests described above, a single most statistically-robust model was selected
for the freshet season and drought season, respectively. These two reconstruction models form the basis
of the remainder of the thesis.
2.4 Extreme event analysis
To determine if the duration and/or magnitude of freshets and droughts in the UFB during the ob-
served period falls outside of the natural range of ‘natural variability’ defined by long-term reconstructed
records (hypothesis 1), an analysis of extreme event magnitudes and frequencies was separately per-
formed on the freshet-season and drought-season reconstructions during the pre-instrumental and in-
strumental periods. Extreme events in the freshet-season reconstruction were defined as upper 80th
percentile flow years, and extreme events in the drought-season reconstruction were defined as the bot-
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tom 20th percentile flow years, relative to the long-term record means. To ensure an apples-to-apples
comparison, this procedure was performed separately on the pre-instrumental reconstructed data and
instrumental-period reconstructed data for each reconstruction (on reconstructed data only). In order to
compare both extreme event magnitudes and durations, the total number of single and consecutive ex-
treme event years was then computed for the 1) pre-instrumental freshet record, 2) instrumental-period
freshet record, 3) pre-instrumental drought record, 2) instrumental-period drought record (runs anal-
ysis, (Meko and Woodhouse, 2011)). A second set of runs analyses was performed for which extreme
events where defined as any year above (freshet) or below (drought) the mean. This approach has the
potential to identify longer-duration extreme event runs that are less severe in magnitude yet highly rel-
evant from a water management standpoint, and that would go undetected using stricter 80th and 20th
percentile event thresholds.
To determine if the probability of extreme freshets and droughts has recently increased (hypothesis
2), the empirical cumulative distribution function (ECDF) was calculated on a 30-year running windows
of each event type (both 80th percentile freshets and 20th percentile droughts, as well as freshet/drought
runs above/below the mean). Events were summed in a moving 30-year window (shifted by 1 year) for





As part of this project I developed six hydroclimate-sensitive TR chronologies: three Engelmann
spruce chronologies, two Mountain hemlock chronologies, and one Ponderosa pine chronology (Table
3.1). Four of these chronologies were updates to existing datasets (same site and species) that were miss-
ing the most recent decades crucial for the analysis presented here. A further set of seven chronologies
that were developed in the HYTRAC Lab were also used in the analysis, plus 63 chronologies from B. L.
Coulthard and the ITRDB. The interseries correlation of the HYTRAC chronologies ranged between 0.314
and 0.732 with noticeable lower values for the latewood chronologies of all sites and mean sensitivity be-
tween 0.041 and 0.439. For the other chronologies the interseries correlation ranged from 0.512 and 0.856
while the mean sensitivity ranged from 0.178 and 0.500. After truncating the chronologies according to
the EPS (>0.80) the length varies between 60 and 1169 years and a mean correlation coefficient of the TR
series (RBAR) of 0.126 to 0.640.
Remarkably, cambial reactivation had not occurred in any of the samples collected for this study in
2019 (Spatsum 05/27, Peyto 06/01, Cheam 06/06, MGurr 06/13, Sicamous 06/15, Revelstoke 06/16, Jof-
fre 06/19). This became evident based on crossdating to existing chronologies, and is consistent with
one previous study investigating the timing of annual cambial reactivation at similar latitudes and ele-
vations (Tranquillini, 1979). While the biological processes of growth initiation are well studied, research
concerning the exact timing of the start of cambial activity is rare. A small number of other studies has
linked cambial phenology to elevation, however. For example, a German study found a large influence
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of elevation where spruce growing at 230 m asl began cambial reactivation 4 weeks earlier than trees at
1350 m (Tranquillini, 1979), and Emmingham found a difference of over seven weeks (April 18/19th vs.
June 4th) for Douglas fir trees growing in plantation at different elevation of 70/570 m and 1050 m. Onset
of earlywood growth was found to have started in the first week of June for mountain hemlock growing
on Vancouver Island, BC (Laroque). Based on these findings, the first complete outer ring was assigned
as 2017 for all chronologies.
Table 3.1: Chronology information for chronologies developed in the HYTRAC Lab first, followed by chronologies










MGU RW 1703 - 2017 46 0.701 0.334 0.449
MGU EW 1703 - 2017 46 0.696 0.383 0.452
MGU LW 1718 - 2017 46 0.458 0.300 0.257
JOF RW 1764 - 2018 77 0.596 0.220 0.250
JOF EW 1793 - 2017 34 0.651 0.242 0.213
JOF LW 1793 - 2017 34 0.384 0.258 0.213
PEY RW 1733 - 2017 72 0.653 0.188 0.247
PEY EW 1838 - 2017 53 0.665 0.212 0.275
PEY LW 1868 - 2017 53 0.401 0.265 0.149
SIC RW 1688 - 2017 86 0.541 0.182 0.380
SIC EW 1778 - 2017 45 0.551 0.179 0.435
SIC LW 1853 - 2017 45 0.314 0.281 0.253
RVU RW 1733 - 2017 84 0.568 0.195 0.162
RVU EW 1733 - 2017 47 0.576 0.206 0.205
RVU LW 1838 - 2017 47 0.349 0.271 0.162
CHU RW 1688 - 2017 62 0.633 0.253 0.275
CHU EW 1763 - 2017 31 0.640 0.254 0.299
CHU LW 1928 - 2002 31 0.416 0.250 0.173
TTH RW AM 1838 - 2017 28 0.597 0.199 0.347
Continued on next page
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TTH EW AM 1838 - 2017 28 0.587 0.229 0.326
TTH LW AM 1928 - 2017 28 0.332 0.262 0.226
TTH RW ts 1748 - 2017 22 0.596 0.274 0.301
TTH EW ts 1748 - 2017 22 0.589 0.313 0.297
TTH LW ts 1943 - 2017 22 0.356 0.268 0.172
WIL RW 1703 - 2017 46 0.680 0.180 0.322
WIL EW 1703 - 2017 46 0.673 0.201 0.321
WIL LW 1913 - 2017 46 0.333 0.239 0.126
RCR RW 1912 - 2018 24 0.732 0.417 0.575
CKL RW 1914 - 2003 8 0.593 0.265 0.343
CLC RW 1914 - 2018 23 0.590 0.329 0.336
SPA RW 1734 - 2018 48 0.697 0.401 0.482
SPA EW 1854 - 2018 11 0.650 0.398 0.474
SPA LW 1854 - 2003 11 0.549 0.439 0.390
BI PEY RW 1868 - 2017 26 0.676 0.198 0.285
BI PEY LW 1853 - 2017 26 0.635 0.050 0.376
BI RVU RW 1838 - 2017 34 0.565 0.176 0.218
BI RVU LW 1853 - 2017 34 0.633 0.044 0.471
BI SIC RW 1808 - 2017 35 0.511 0.163 0.437
BI SIC LW 1853 - 2017 35 0.542 0.041 0.375
cana099bf 1693 - 1992 59 0.565 0.184 0.176
cana11bf 1609 - 1983 22 0.617 0.207 0.174
cana113 1744 - 1983 28 0.529 0.196 0.174
cana135 1588 - 1992 93 0.683 0.326 0.351
cana136bf 1543 - 1992 116 0.647 0.339 0.332
cana137 1603 - 1992 89 0.678 0.361 0.367
cana174 1430 - 1999 64 0.572 0.248 0.289
cana228 1833 - 1997 37 0.601 0.221 0.210
cana231 1608 - 1997 38 0.727 0.210 0.356
Continued on next page
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cana234bf 1653 - 1997 33 0.681 0.192 0.229
cana238 1713 - 1997 35 0.706 0.222 0.348
cana308 836 - 2005 69 0.730 0.420 0.469
cana327bf 1648 - 2007 46 0.796 0.382 0.539
cana328bf 1529 - 2008 60 0.769 0.383 0.526
cana329 1663 - 2007 32 0.646 0.264 0.356
cana331 1589 - 2008 38 0.833 0.414 0.569
cana334 1645 - 2004 39 0.743 0.300 0.475
cana335bf 1630 - 2004 30 0.645 0.312 0.364
cana336 1348 - 2007 90 0.701 0.404 0.438
cana337 1718 - 2003 22 0.790 0.344 0.579
cana338bf 1360 - 2004 34 0.856 0.500 0.640
cana339 1544 - 2004 63 0.753 0.374 0.469
cana343 1630 - 2004 42 0.806 0.353 0.543
cana347 1585 - 2004 45 0.770 0.390 0.532
cana350 1498 - 2007 38 0.787 0.428 0.463
cana351bf 1187 - 1996 82 0.578 0.193 0.238
cana352bf 1244 - 1993 57 0.777 0.323 0.491
cana353bf 1550 - 1999 67 0.593 0.219 0.225
cana356 1380 - 1994 99 0.589 0.183 0.491
cana357bf 1159 - 1998 90 0.527 0.178 0.296
cana464 1833 - 2012 20 0.588 0.220 0.365
cana465 1561 - 1995 39 0.596 0.270 0.305
cana466 1727 - 1996 37 0.578 0.226 0.254
cana467 1713 - 2012 35 0.662 0.287 0.399
cana468 1728 - 2012 28 0.609 0.220 0.329
cana469 1726 - 1995 28 0.688 0.300 0.426
cana470 1698 - 1997 32 0.538 0.284 0.265
cana471 1484 - 2008 32 0.602 0.297 0.275
Continued on next page
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cana472 1832 - 1996 22 0.576 0.225 0.324
cana473 1712 - 1981 24 0.512 0.223 0.220
cana474 1802 - 1996 38 0.619 0.236 0.315
cana475 1765 - 2004 58 0.611 0.195 0.255
cana476 1726 - 1995 44 0.630 0.225 0.351
cana477 1894 - 1968 27 0.570 0.241 0.329
cana478 1944 - 2004 17 0.624 0.258 0.359
cana479 1660 - 2004 28 0.604 0.244 0.294
cana480 1794 - 2004 30 0.628 0.200 0.335
cana481 1863 - 1997 20 0.552 0.189 0.276
cana482 1779 - 2003 36 0.642 0.206 0.352
cana483 1776 - 2000 24 0.637 0.216 0.304
cana485 1755 - 2009 60 0.586 0.191 0.262
cana486 1776 - 2000 20 0.603 0.183 0.351
cana487 1880 - 1999 21 0.611 0.213 0.366
cana488 1881 - 2000 16 0.591 0.183 0.302
cana489 1884 - 2003 21 0.562 0.181 0.291
cana490 1681 - 2010 48 0.621 0.253 0.365
cana491 1701 - 2000 18 0.678 0.274 0.364
cana492 1791 - 2000 45 0.582 0.236 0.246
cana493 1881 - 2000 24 0.618 0.191 0.302
cana494 1761 - 2001 25 0.659 0.234 0.383
cana495 1813 - 2007 24 0.614 0.223 0.284
cana497 1685 - 1999 31 0.624 0.273 0.271
cana498 1880 - 1999 29 0.638 0.228 0.366
cana530 1256 - 1990 45 0.778 0.391 0.435
Ruth 1714 - 1998 35 0.622 0.252 0.333
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3.2 Flow correlation analysis
Flow values were non-normal for only August and September which meant data for both months
had a natural logarithmic transformation applied. The results from the correlation analysis between
the TR chronologies and flow data demonstrated that relationships were strongest in early spring and
late summer as expected within the study design. Correlation analysis resulted in between two and 16
significantly correlated chronologies (p<0.05) (Table A.1) for each month or season tested, with the high-
est number of candidate predictors for April, August, and September. Late spring and early summer
months had very few chronologies significantly correlated with flow. For some months a low number
of significantly correlated chronologies resulted in poor or no reconstruction model at all, meaning the
months/periods (such as June, May-June) were not further investigated. Ultimately, the most promising
target reconstruction months were April and September for which Pearson’s r values and significance
levels are reported in table 3.2. Importantly, these months also mostly correspond to UFB freshet (April)
and drought (September) timing (Figure 1.2). For the subsequent results and discussion the term freshet
will be synonymous of April streamflow while the term drought will be used to represent September
streamflow.
3.3 Reconstruction models
The Wilcox EW, Sicamous LW, BI Revelstoke LW, Joffre Lakes, and Douglas Peak chronologies (no
lags) were selected as predictors (Table 3.3) in stepwise linear regression model estimating total April
streamflow (hereafter the freshet-season reconstruction). The model explains 68% of streamflow variance
in April and the model equation is:
Y =−1151.7521− (−471.3322×W I LEW )− (562.8125× Jo f f r eLakes)− (−389.3050×Doug l asPeak)
− (396.3693×SIC LW )− (1684.5321×B I RV U LW ) (3.1)
Little Bob Creek, BI SIC LW (no lags), and Dutch Creek and Little Bob Creek (lag t+1), as well as Dutch
Creek (lag t-1) were selected as predictors (Table 3.3) in stepwise linear regression model estimating
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Table 3.2: Information on chronologies significantly correlated with monthly flow data in April and September.
Month Chronologies Chronology type p-value r-value
April
bipeylwstd BI latewood standard chronology 1.28E-05 0.505454615
birvulwstd BI latewood standard chronology 2.68E-05 0.489048799
bisiclwstd BI latewood standard chronology 0.000242626 0.434077802
cana328bfstd RW standard chronology 0.000270813 -0.460989191
wilewstd EW standard chronology 0.001455284 -0.381291019
wilrwstd RW standard chronology 0.002361297 -0.365404677
rcrrwstd RW standard chronology 0.002900089 -0.358411251
cana329std RW standard chronology 0.003976077 -0.375712369
cana495std RW standard chronology 0.005239486 -0.365032763
cana468std RW standard chronology 0.010509203 0.322764679
cana488std RW standard chronology 0.013925208 0.345727574
cana466std RW standard chronology 0.021645282 -0.337878476
cana327bfstd RW standard chronology 0.022576917 -0.301670755
tamewstd RW standard chronology 0.026162095 -0.271661089
cana231std RW standard chronology 0.026853886 -0.322883518
siclwstd LW standard chronology 0.031712574 0.262736862
cana351bfstd RW standard chronology 0.039389885 0.304861172
cana338bfstd RW standard chronology 0.039505488 0.281079269
tamrwstd RW standard chronology 0.041947331 -0.249251573
September
birvulwstd BI LW standard chronology 0.000816208 -0.396489226
bisiclwstd BI LW standard chronology 0.000819695 -0.396360868
cana343std RW standard chronology 0.007578731 -0.356342255
bipeylwstd BI LW standard chronology 0.011452 -0.304949265
clcrwstd RW standard chronology 0.011518914 0.304714397
cana338bfstd RW standard chronology 0.016425906 -0.322242961
rcrrwstd RW standard chronology 0.029307979 0.264459549
cana467std RW standard chronology 0.033266682 0.26863775
cana335bfstd RW standard chronology 0.038796048 -0.279466425
cana347std RW standard chronology 0.044641754 -0.271881493
total September streamflow (hereafter the drought-season reconstruction). The model explains 56% of
streamflow variance in September and the model equation is:
Y = 9.7196− (−0.4135×Li t t leBobCr eek)− (−2.6967×B I SIC LW )− (0.2784×DutchCr eek)
− (−1.2021×DutchCr eek)− (0.8243×Li t t leBobCr eek) (3.2)
Both models meet all the assumptions concerning model residuals and significant F-ratios (Table
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3.3) attest to statistically significant regression equations (Figs. 3.1 and 3.2). The R2 of the observed
and the LOO-estimated values suggest both models are well validated, and the reduction of error (RE)
statistics attest to good model skill in both cases (Table 3.3). An important practical measure is given
by the difference of the model SE and the root mean square error of the cross-validation (RMSEv) which
describes the difference in the average size of the prediction error between model validation and cali-
bration and is provided in units of the predictand (9.1032 mm for the freshet-season model and 0.0123
mm for the drought-season model) (Table 3.3). There is a strong overall linear association between each
reconstruction and it’s predictand instrumental streamflow data (Fig. 3.3). A compromise was made
between the length of the reconstruction and the explanatory power of the reconstruction which meant
that the reconstructions only reach until 1996 and 2003, respectively, but far exceed models that reached
up to 2017 which did not explain more than 15 to 20% of variance (results not shown).
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Figure 3.1: Left: Time series of residuals of the calibration period for the drought-season reconstruction. Lagged
scatterplot of residuals and ACF plot of residuals for assessment of potential trend and autocorrelation. Right: Time
series of residuals of the calibration period for the freshet-season reconstruction. Lagged scatterplot of residuals
and ACF plot of residuals for assessment of trend and autocorrelation.
3.4 Runs analysis
Runs analyses were performed on the following time intervals, as defined by overlapping recon-

























Resids vs Predictor #2

























































Figure 3.2: Left: Scatterplots of residuals against individual predictors and against the predictand for the drought
reconstructions. Histogram of the drought instrumental flow data. Right: Scatterplots of residuals against individ-
ual predictors and against the predictand for the freshet reconstructions. Histogram of the freshet instrumental
flow data.
Table 3.3: UFB streamflow reconstruction model statistics, model predictors and reconstruction period
Reconstruction
month


















1951 - 1996 1853 - 1996











1950 - 2002 1853 - 2003
riod freshet (1951-1996), pre-instrumental drought (1853-1949), and instrumental period drought (1950-
2003). Individual magnitudes and durations for the runs can be found in appendix A table A.2. It is im-
portant to note that the runs criteria for extreme event durations presented here are very conservative,
requiring threshold high or low flows in all consecutive years (no runs interruptions).
Runs analysis for the long-term freshet reconstruction period shows freshets (80th percentile) with
magnitudes of between 130% and over 160% of mean flow with durations between one and four years
(Fig. 3.4). Out of ten runs in the pre-instrumental period, three are four-year duration events in 1929,
1939 and 1944 with magnitudes of 140%, 163% and 138% of mean low, respectively, followed by one two
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Figure 3.3: Top: Time plot of the freshet streamflow reconstruction (April, black line) with a 5-year running mean,
(dark blue line), the instrumental data (light blue line) and the reconstructed mean (horizontal black line). Middle:
Time plot of the drought streamflow reconstruction (September, black line) with a 5-year running mean (dark red
line), the instrumental data (light red line) and the reconstructed mean (horizontal black line). Middle left: Time
plot of calibration period observed April streamflow (dark blue line) and the reconstructed (black line) data. Middle
right: Time plot of calibration period observed September streamflow (dark red line) and the reconstructed (black
line) data. Bottom: Scatterplots of the linear relationship between the reconstructed and instrumental data fitted
least squares line for April (left) and September (right).
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year run starting in 1905 with a magnitude of 136% and multiple one year events. The observed period
holds the highest magnitude event in 1992 with a magnitude of 165% and a length of five years, while all
other events lasted one year and ranged between magnitudes of 135% and 138% of mean flow (Fig. 3.4).
The runs analysis of years above the long-term mean computed on the freshet reconstruction reveals
that there have been several occurrences of long periods with flow above-the-mean during the recon-
struction period, such as a 25-year period of high flow starting in 1923 (Fig. 3.5). There are several 80th
percentile events that were detected in the runs analysis of extreme events (Fig. 3.4) that are preceded
and/or followed by years with above-the-mean flow causing them not to appear as separate events in
the second runs analysis. One example is the 9-year high flow run staring in 1884 (Fig. 3.5) that encom-
passes two events in 1889 and 1891 that were identified as extreme freshets previously (Fig. 3.4). For the
observed time period there are 10 events, the longest run lasting seven years with a magnitude of 103%
of mean flow starting in 1984, followed by a five year run with a magnitude of 165% starting in 1992 (Fig.
3.5). There are two more runs lasting multiple years (three-years in 1961 at 121%, two-year in 1980 with
109%) and multiple one year events that range in magnitude from 103% to 113% of mean flow (Fig. 3.5).
Runs analysis for long-term drought reconstruction shows 13 droughts (20th percentile) during the
pre-instrumental period that range between one and three years in length and magnitudes between 51%
and over 78% of the mean flow (Fig. 3.4). The longest drought events occurred in 1900 and 1904 with
three year durations and magnitudes of 58% and 56% of mean flow, respectively. These are followed by
two two year events which occurred in 1877 (69%) and 1915 (78%), and nine one year events (Fig. 3.4).
In the instrumental period there are eight events of which three lasted two years starting in 1955, 1987
and 1993, the latter being the highest magnitude event with a magnitude of 50%. All other events have
durations of one year and range in magnitude between 83% and 64% of mean flow (Fig. 3.4).
Runs analysis for flows below the long term mean computed on the drought reconstruction reveal
several long duration low flow periods in the pre-instrumental period beginning in 1884 (12 years, 93%),
1897 (6 years, 79%) and 1911 (6 years, 91%). Four events lasting three years starting in 1855 and 1904
had magnitudes of 51% and 56% and in 1940 and 1945 magnitudes of 78% and 76% of long term mean






























Figure 3.4: Runs analysis on reconstructed streamflow data for 80th percentile freshet (left) and 20th percentile
drought (right) runs with years indicating start of the run. Dark blue and dark red circles are runs from the period


































Figure 3.5: Runs analysis for freshet (drought) years above (below) the long term mean. Dark blue and dark red
circles are runs from the period overlapping with observed records. Light blue and light red circles are runs from
the reconstruction period. Years indicate the starting year for the runs.
long term mean flow. Only one run with a magnitude below 70% and a duration of eight years beginning
in 1987 occurred during the instrumental period while the other low flow events of the observed time
period are no longer than four years and have magnitudes between 73% and 97% (Fig. 3.5). Individual
magnitudes and durations for the runs can be found in appendix A table A.3.
3.5 Empirical cumulative distribution function (ECDF)
Extreme freshet frequency in the UFB instrumental record is enhanced compared to the prior 98
years, with eight 80th percentile events having occurred in the most recent 30 year period that overlaps
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Figure 3.6: Empirical Cumulative Density Functions (ECDF) of 20th and 80th percentile flow events summed over
30-year moving windows (climatologies), iteratively moved forward in time by one year. Results for the freshet
season are on the left and drought season on the right. Pre-instrumental reconstructed data (black lines) are com-
pared with instrumental-period reconstructed data (colored lines). The y-axis displays the number of 30-year
climatologies as a percent, while the x-axis displays the number of events per 30-year climatology. For example,
for the flood season pre-instrumental reconstructed data (black line) where y = 0.4 and x = 4, 40% of the 30-year
climatologies contained 4 or less events. The slope of the line reflects the density of the data, and the colored dots
indicate the number and probability of events for the most recent 30-year climatology.






































Figure 3.7: Empirical Cumulative Density Functions (ECDF) of above and below mean flow events summed over
30-year moving windows (climatologies), iteratively moved forward in time by one year. Results for the freshet
season are on the left and drought season on the right. Pre-instrumental reconstructed data (black lines) are com-
pared with instrumental-period reconstructed data (colored lines). The y-axis displays the number of 30-year
climatologies as a percent, while the x-axis displays the number of events per 30-year climatology. For example,
for the drought season pre-instrumental reconstructed data (black line) where y = 0.8 and x = 18, 80% of the 30-year
climatologies contained 18 or less events. The slope of the line reflects the density of the data, and the colored dots
indicate the number and probability of events for the most recent 30-year climatology.
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with TR data (1967-1996, Fig. 3.6). This is the highest number of events within a single climatology
in the observed period (1951-1996). In contrast, the pre-instrumental reconstructed data demonstrate
that in the past (1853-1950), up to 15 extreme freshet events occurred within a single climatology. The
ECDF curves match well from a cumulative frequency of 0 to 6, but at higher cumulative frequencies
the pre-instrumental reconstruction curve diverges, indicating a higher percentage of 30-year periods
containing >6 extreme freshets in the long-term record relative the observed period.
The ECDF for above-mean freshet season flows highlights that 16 years of above-mean freshet flows
occurred during the most recent 30-year climatology (1966-1996, relatively wet period), there have been
wetter periods in the past (up to 25 years above-the-mean in a 30-year climatology; Fig. 3.7). The same
decoupling of the frequency distribution curves between the reconstructed time period (1853-1950) and
the observed time period (1951-1996) occurs at around 15 events (Fig. 3.7). The pre-instrumental record
also highlights that above-mean flows in 1-10 years per climatology are very common, despite not being
represented in the observed record.
The ECDF for drought events shows that in the most recent 30-year window (1973-2003) there have
been 9 droughts, while the reconstructed frequency distribution indicates that up to 12 events in any
given 30 year window were possible in the past (Fig. 3.6). Unlike for freshets, the frequency distributions
for extreme drought events do not particularly increase or decrease in the observed period (1950-2003)
relative to the pre-instrumental period (1853-1949; minimum and maximum number of events per cli-
matology only differ by 1 and 2, respectively).
Compared to the ECDF for extreme drought events the ECDF for below-mean drought-season flows
shows that the latest 30-year climatology (1973-2003) experienced 17 years of below-mean flow, which
is high but not exceptional relative to the number that are possible within the observed (1950-2003) and
pre-instrumental (1853-1949) time periods (maxima of 19 and 25 years, respectively (Fig. 3.7). The ECDF
also shows there is the potential of 25 years of below-mean flow during a single climatology, whereas
the observed period suggests a maximum of only 19 years. Similar to freshet season findings, the pre-
instrumental record also highlights that below-mean flows in 1-11 years per climatology are very com-





The reconstructions of UFB freshet-season and drought-season streamflow explain 68% and 56% of
the instrumental data variance, respectively, making them two of the most statistically powerful mod-
els of their kind for western Canada and the Pacific Northwest (Coulthard et al., 2016; Coulthard and
Smith, 2016; Starheim et al., 2013; Hart et al., 2010; Littell et al., 2016; Lutz et al., 2012). All model as-
sumptions were met and diagnostic statistical tests passed, attesting to the skill of both models (Figs. 3.3
and 3.1). The 143-year long freshet reconstruction extends the existing 67-year streamflow record by an
additional 97 years while the 150-year long drought-season reconstruction extends the existing 68-year
streamflow record by an additional 96 years. Even given reconstruction model error, more than doubling
the length of each of these seasonal runoff records vastly enhances our ability to benchmark and under-
stand long-term runoff variability and extremes in the UFB. Huning and AghaKouchak (2020) recently
demonstrated that even 50 years of additional hydroclimate data can significantly change and improve
water management-relevant statistical analyses such as frequency analysis and return periods calcula-
tion.
Both reconstructions successfully capture both medium- to high-frequency variability, each of which
are important for understanding natural runoff variability, but the former of which is typically more diffi-
cult to retain in TR based streamflow reconstructions. For both reconstructions, the retention of medium
frequency/decadal-scale information may be related to the incorporation of temperature-sensitive BI
chronologies as model predictors. This is because temperature is generally a low- to medium-frequency
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process, whereas precipitation is a higher frequency process. Both processes combine to govern stream-
flow, and reconstructions that represent both are particularly valuable (Meko and Woodhouse, 2011).
The selection of BI chronologies as model predictors suggests that this relatively new proxy develop-
ment method has high potential not only for temperature reconstruction, but also for streamflow recon-
struction where seasonal temperature has a strong influence on reconstructions-season runoff. With
up-to-date tree ring chronologies, the incorporation of BI chronologies in such reconstructions could
also serve as an avenue for examining recent streamflow trends forced by warming temperatures Wilson
et al. (2014).
Calibration period plots for each reconstruction provide an indication of the model’s ability to cap-
ture variance, high and low extremes, and trend in the instrumental data (Fig. 3.3). The freshet-season
reconstruction only slightly under- or over-estimates the instrumental streamflow values in some years,
but more importantly, the direction (sign) of departures from the mean in each year is largely in agree-
ment, and the high-flow years of greatest interest for this study are largely accurate in terms of both
direction and magnitude (Fig. 3.3). A recent positive trend in freshet-season runoff is particularly well
captured by the reconstruction (Fig. 3.3). The freshet model error (RMSEv) is 139.3 m3/s which describes
the average error of the prediction for the validation period, the mean of the reconstruction compared
to the mean of the instrumental data during the common period shows a difference of only 2.8 m3/s,
whereas the overall mean discharge is 626.8 m3/s.
The calibration period plot for the drought-season reconstruction does exhibit several instances of
high flow overestimation mainly in the 1980s, but the low flow years which are of primary interest to this
study are tracked remarkably accurate in terms of both direction and magnitude (Fig. 3.3). The overall
positive trend in freshet magnitude over the calibration period is especially well captured (Fig. 3.3). A
comparison of the mean for the instrumental data during the common period and the mean of the re-
constructed time series reveals a difference of 12.3 m3/s which is less than 2% of the mean.
As previously mentioned, examination of the long-term reconstruction plots emphasizes how ef-
fectively each model seems to have retained medium-frequency streamflow trends. For instance, two
notable intervals of positive trend in reconstructed freshet magnitude are highlighted by the 5-year run-
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ning mean between 1910 and 1930 and from the 1970s through to the 1990s (Fig. 3.3). The period of
worsening freshet magnitude from the 1970s to 1990s is distinctive relative to the long-term record, but
seems to have been interrupted in the 2000s by a transition to highly variable interannual freshet mag-
nitudes (Fig. 3.3). Negative trends in freshet magnitude appear to occur over shorter time spans than
positive trends. In the drought reconstruction, a period of slight negative trend from the 1870s to 1900s
is followed by a period of positive trend until the 1920s, after which point there is no clear trend until the
contemporary period.
Given the novel reconstruction approach employed in this study, the TR chronology predictor se-
lection can provide interesting methodological insights for future studies. In this case, both reconstruc-
tion models capitalize on TR chronologies that retain autocorrelation (standard chronologies) and/or
time-lagged chronologies, which is common in dendrohydrology (Coulthard et al., 2020). The impor-
tance of using autocorrelated and/or time-lagged chronologies can be explained by hydroclimate pro-
cesses influencing growth for consecutive years (Cook and Kairiukstis, 1990) or autocorrelation of the
hydroclimate processes themselves. Their use in the reconstructions presented here underscores that
statistically-persistent tree metabolism and/or hydrological processes is at play in these paleohydrolog-
ical models and may be similarly important for dendrohydrology in other complex, temperate water-
sheds.
The primary focus of this thesis was on benchmarking past streamflow variability and extreme events.
Reconstructions covering the most recent decades (up to 2019) were therefore forfeited in favour of re-
construction models calibrated up to only 1996 and 2003 as these were more statistically robust and
explained a greater percentage of long-term runoff variability. Although a set of chronologies were up-
dated in 2019 with the hope of calibration reconstruction models up to that year, models can only be
calibrated on the common data period among all model predictors (TR chronologies) and the model
predictand (flow data). The selection of more out-of-date TR chronologies as model predictors through
the stepwise regression procedure therefore truncated the contemporary end of the model calibration
period. Targeted chronology updates could presumably make it possible to calibrate the UFB freshet
and drought reconstruction models up to present, allowing for a direct examination of the recent posi-
tive trends in both freshet and drought magnitude, evident in the instrumental data plotted in Fig. 3.3.
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But for now, because these recent trends are not accounted for the reconstructions or extreme events
analyses, it should be noted that recent changes may be more severe than is suggested by this study.
4.2 Extreme events in the UFB
The primary findings of this thesis are that 1) both the severity and probability of recent UFB freshets
fall outside of the range of ‘natural variability’ defined by long-term reconstructed records; 2) the severity
and probability of recent UFB droughts are normal based on the range of ‘natural variability’ defined by
long-term reconstructed records, the reconstructed record indicates that more severe droughts occurred
in the past than any witnessed within the observational record; and, 3) gauged streamflow datasets indi-
cate freshet periods above the long-term mean and drought periods below the long-term mean persist
no longer than 7 or 8 years, respectively, but the paleorecord presented here suggest they may persist for
up to 25 years. Taken together, these findings underscore two major points:
• Gauged UFB streamflow records do not represent long-term natural ranges of hydrological vari-
ability; and extreme event magnitudes, durations, and probabilities; or hydrologic trend extant
in the UFB system, with major implications for the calculation of basic hydrologic statistics and
decision-making tools (eg. frequency analysis, return periods).
• Using a data-driven approach, dendrohydrologic reconstructions may be developed for complex,
temperate watershed like the UFB and these records can significantly change and improve water
management-relevant statistical analyses.
80th percentile freshets
The severity and probability of recent UFB freshet fall outside the range of ’natural variability’ de-
fined from the long-term reconstructed records. Analysis of the freshet reconstruction shows that there
has been a trend towards more frequent extreme freshet events with a period of no extreme freshets be-
tween 1853 and 1880 at the beginning of the reconstruction. There is no similarly long period without
extreme freshet events in the instrumental period, underlining a recent change in the frequency of ex-
treme freshet events. Another indication of change is that since 1853, the most severe freshet in both
magnitude (163%) and duration (5 years) began in 1992, with no other freshets close to this overall sever-
ity. The three freshet events that are close in duration (four years) all occur towards the end of the pre-
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instrumental period (1929-1944) further indicating an increase in frequency of extreme freshet events.
Sustained freshet periods above-the-mean
Analysis of above-the-mean freshet events shows a 25-year period of sustained higher freshet during
the pre-instrumental period which is more than three times longer than any period in the instrumen-
tal period. This means that water managers operating with the instrumental data are likely to under-
estimate the duration of sustained periods of above-the-mean freshet, with implications for repeated
and/or consecutive years of flooding. When comparing the analysis of the extreme freshet events to the
analysis of the above-the-mean freshet events several of the extreme events punctuate above-the-mean
freshet time periods. A combination like this has not been observed in the instrumental period and as
such might require changes to existing flood-prevention planning. The most recent 30-year climatology
has experienced an unprecedented number of freshet years above-the-mean compared with any other
period since 1853, which is in line with results from the extreme freshet analysis. Frequency analysis
shows that there is potential of more high freshet events occurring in a single 30-year window than has
been observed in the instrumental period (Figs. 3.6 and 3.7).
20th percentile droughts
The comparison of 20th percentile drought events in the pre-instrumental and instrumental period
demonstrates that both the severity and probability of recent droughts are normal based on the range
of ’natural variability’ defined from the long-term reconstructed records. However, droughts occurring
during the instrumental period have been shorter in duration, with most events only lasting one year
(Fig. 3.4). Long lasting and high magnitude droughts appear clustered at the beginning of the last cen-
tury but events occur throughout the reconstruction suggesting that only considering instrumental data
accurately reflects severity and probability. Probability analysis shows that the most recent 30-year cli-
matology did not see the full number of drought events possible by both the instrumental as well as
the reconstructed record but that there is the potential for a higher number extreme droughts occurring
within 30-year time frames (Fig. 3.6). Given that droughts now present a water management issue on the
UFB, the fact that pre-instrumental events were more of longer duration than those observed recently is
sobering.
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Sustained drought periods below-the-mean
Analysis of below-the-mean flow illustrates that recent drought events are not representative of the
’natural variability’ defined from the long-term reconstructed records, and in fact, much longer below-
the-mean runoff periods occurred in the pre-instrumental period (Fig. 3.5). Long-term periods below-
the-mean are particularly important for water managers, since the effects of water scarcity may be com-
pounded over multiple years. The reconstruction shows that in a 30-year period below-the-mean droughts
are possible over at least 25 years, compared to 12 in the observed 30 year periods (Fig. 3.7). This re-
inforces that the drought characteristics in the UFB are not completely registered in the instrumental
record.
It is important to keep in mind that the extreme events analyses were performed on common-period
datasets only (1951 to 1996 for freshet, 1950 to 2003 for drought). For example, the ’most recent 30-
year climatology’ ends in 1996 for freshets and 2003 for droughts. The extreme event analyses were also
performed only on reconstructed datasets to maintain an apples-to-apples comparison between time
periods (eg the pre-instrumental reconstruction is compared with the observed period reconstruction,
rather than the observations directly, as in Meko and Woodhouse (2011)).
4.3 Comparison with existing paleohydroclimate records
A TR-based reconstruction of annual precipitation in the southern Canadian Rockies, which in part
encompasses the UFB, found dry periods in the 1850-1860s and the 1890s in addition to the documented
drought period in 1920-1940 (Watson and Luckman, 2001). Similar patterns can be seen in the UFB
drought reconstruction with three extreme droughts in the 1850s, a 12-year period of below-the-mean
flow starting in 1884, a six-year period starting in 1897 and several one to three-year long low flow pe-
riods throughout the 1940s (Fig. 3.5) showing high similarity except in the 1920s. Comparable results
were found in a streamflow reconstructions of annual flow for the Columbia River using snow-limited
chronologies, which also highlighted intense droughts in the 1850s to 1860s and in the 1920s to 1940s
(Littell et al., 2016). These events are broadly in agreement with the UFB reconstruction apart from the
1920s. This study also found that drought duration and the potential for long lasting high freshets are
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not well represented in the instrumental records, as in the UFB records and emphasize the importance
of reconstructions to extend instrumental records (Littell et al., 2016). Compared to the reconstruction of
annual Columbia River streamflow (Littell et al., 2016) the UFB reconstruction does not pick up extreme
freshet events from that study (1880-1882, 1916, 1921, 1971, 1974, 1976, 1982-1983) as extreme events.
However, the reconstruction does show periods of above-the-mean freshet flow in the same periods ex-
cept for the 1916 flood for which the closest UFB above-the-mean event occurs in 1919. Wet periods in
the Southern Canadian Cordillera were found in 1880–1890, 1898–1916 and 1942–1960 in a reconstruc-
tion of annual precipitation (Watson and Luckman, 2004b) and periods of above-the-mean flow can
be found in the freshet reconstruction of the UFB that roughly coincide (1884-1893, 1898, 1904-1909,
1912, 1923-1948, 1952, 1958). A recent TR-based reconstruction of snowpack variability in southwest-
ern BC extended the short instrumental records for the region back to 1711 and revealed that past snow
droughts have been both longer and more severe in the pre-instrumental period (Mood et al., 2020).
Snow pack droughts lasting two years occurred in 1885, 1891, 1901, 1904, 1914, 1934, 1941 and 1980 as
well as single-year events in 1978, 1986, and 1993, most of which can be found in the UFB drought re-
construction. The years 1891, 1934, 1941, 1978 and 1986 are exceptions, but for these my reconstruction
has events in the previous year (1890, 1940) or in the following year (1979, 1987). Compared to these
two most geographically-relevant reconstructions, there are episodes of below-the-mean flow that seem
to be restricted to the UFB in 1911 to 1917, 1955 to 1959 and 1996 to 1999. Further afield, TR recon-
structions of drought in three prairie rivers in Saskatchewan that have headwaters near the UFB found
that since the 1950s streamflow has been comparatively high and more droughts occurred during the
1700 and 1800s than in the 20th century (Case and Peterson, 2005). The single year droughts that the
authors found coinciding for all three rivers occurred in 1961, 1941, 1891, 1844 which were not detected
as extreme low flows in my reconstruction but are captured as below-the-mean flow years (Fig. 3.5). A
TR-based reconstruction of the mass balance of Peyto glacier revealed a negative trend for most of the
20th century starting in 1884 with 1994, 1979 and 1990 as the worst years (Watson and Luckman, 2001).
These findings are similar to what Wood and Smith (2012) found for glaciers located in the Columbia
mountains where glaciers show negative trends since 1840, with periods of positive mass balance for
1875-1890, 1958-1968 and 1975-1985. TR-based reconstructions have also described intervals of higher
maximum summer temperatures in 1850-1870 and 1930-1950 and wetter August intervals during the
1880s, 1960-1975 and mid-1980s in the Columbia Mountains (Wood and Smith, 2012). When comparing
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this to the UFB drought reconstructions there are several extreme droughts during the 1850s and the
1940s as well as below-the-mean flow from 1884 to 1896, broadly agreeing with findings from this study.
In sum, my reconstructions do corroborate other high-resolution paleohydroclimate records from west-
ern Canada and the Pacific Northwest with an exception for extreme events in 1920s.
4.4 Conclusion
The FRB is home to about two-thirds of BC’s population (Fraser Basin Council, 2009), supports the
world’s largest Pacific salmon populations (Morrison et al., 2002; Déry et al., 2012), and is a cornerstone of
the western Canadian culture, environment, and economy, all of which are directly threatened by wors-
ening extreme events in the watershed under future climate shifts (Fraser Basin Council, 2009; Shrestha
et al., 2012; Kang et al., 2016; Ferrari et al., 2007). Climate shifts are expected to greatly impact the timing,
duration, and quantity of runoff in the UFB and greater FRB, particularly freshet and drought magni-
tudes. My results suggest both that recent freshets are record-breaking relative to the past 90 years, and
that the watershed also holds the potential for substantially worse droughts than have occurred in the
instrumental period, creating hydrological risks on two fronts.
Even 50 years of additional hydroclimate data can significantly change and improve water management-
relevant statistical analyses (Huning and AghaKouchak, 2020). The newly-developed 143-year long freshet
reconstruction presented here extends the existing 67-year streamflow record by an additional 97 years,
while the newly-developed 150-year long drought-season reconstruction extends the existing 68-year
streamflow record by an additional 96 years. By more than doubling the length of each of these seasonal
runoff records, our ability to benchmark and understand long-term runoff variability and extremes is
significantly enhanced in the UFB. The reconstructions show that the recent severity and probability of
UFB freshets lies outside the range of ’natural variability’ defined from the reconstruction. While the
potential duration of droughts and periods of below-the-mean flow has been significantly longer in the
past than in the instrumental period. Differences of over 15 years for both freshet periods above the
long-term mean and drought periods below the long-term mean can be seen. This means that the in-
strumental records of UFB streamflow do not completely reflect long-term natural ranges of hydrological
variability as evidenced over the last 100 years.
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Improving predictions of extreme events and runoff periods above and below the long-term mean
in the UFB is critical to enable water managers and stakeholders adapt water management and infras-
tructure plans infrastructure (Kang et al., 2016). These annually-resolved records can support, for exam-
ple, more precise calculation of hydrologic statistics (frequency analysis, return periods, (Huning and
AghaKouchak, 2020)); improved predictions of future hydrologic changes, including the influence of cli-
mate modes on runoff (Rodenhuis et al., 2009; Whitfield et al., 2010; Hart et al., 2010; Coulthard et al.,
2016); appraisal of impacts on salmon runs which vary spatially across the FRB and must be examined
at sub-basin scales Déry et al. (2012); and modelling efforts of the influences of climate change on UFB
streamflow that are currently hampered by short instrumental records (Meko and Woodhouse, 2011; Is-
lam and Déry, 2017; Mankin et al., 2017).
From a methodological standpoint, this thesis also demonstrates that seasonal streamflow recon-
structions using temperature- and SWE-sensitive TR chronologies in a data-driven framework can pro-
duce robust streamflow reconstructions at the sub-basin and sub-annual timescales in large, temperate,
complex watersheds that cannot be reconstructed using traditional dendrohydroological methods (Wat-
son and Luckman, 2006). These reconstructions explain 68% and 56% of the variance in instrumental
records, approaching the model robustness exhibited by dendrohydrological models in semi-arid water-
sheds. This modeling approach will be of great help in similarly complex river systems that are facing
uncertain impacts of climate change and require accurate reconstructions for modelling efforts.
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Appendix A
Table A.1: Cross correlation values for chronologies significantly correlated with monthly flow sorted by month
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# of variables = 19
# negative lags allowed: 0
# positive lags allowed: 0
# potential predictors: 19
# of predictors in final equation = 5
Calibration Period: 1951-1996
R2 =  0.715;   R
a
2 =  0.680
   F =  20.12,  p-value = 0.00000
std error of estimate = 139.3017

























# of variables = 10
# negative lags allowed: 2
# positive lags allowed: 2
# potential predictors: 50
# of predictors in final equation = 5
Calibration Period: 1950-2002
R2 =  0.610;   R
a
2 =  0.568
   F =  14.67,  p-value = 0.00000
std error of estimate =   0.2015
RE =  0.50
RMSE
v
 =   0.2138
Figure A.1: Calibration period for the freshet and drought reconstruction
Table A.2: Start year, magnitude and duration of 80th and 20th percentile flow events during the reconstructed and









1889 152.88 1 1853 72.53 1
1891 134.95 1 1855 51.31 1
1898 133.39 1 1857 72.46 1
1905 136.22 2 1877 70.00 2
1926 144.09 1 1885 78.78 1
1929 140.83 4 1890 66.31 1
1934 132.56 1 1895 67.57 1
1936 130.14 1 1900 58.03 3
1939 163.44 4 1904 56.33 3





1981 138.36 1 1951 83.21 1
1986 135.67 1 1955 73.91 2
1988 135.51 1 1979 73.02 1
1990 135.47 1 1981 76.03 1





Table A.3: Start year, magnitude and duration of above/below the longtime mean flow events during the recon-
structed and observed time period computed from reconstructions of April and September streamflow.
Period Freshet yr Magnitude Duration Drought yr Magnitude Duration
Recon
1873 110.8009368 2 1853 72.52919889 1
1877 129.5210047 3 1855 51.31025006 3
1884 100.8699598 9 1859 90.09078499 1
1898 133.386253 1 1877 69.99517145 2
1900 110.3956312 1 1884 93.74107365 12
1904 106.3569569 5 1897 79.03025387 6
1912 101.0656656 1 1904 56.33136071 3
1919 110.6918887 1 1909 86.20167908 1
1921 112.2788997 1 1911 91.32248098 6









1952 103.6030495 1 1950 85.79645789 2
1958 105.1501998 1 1953 89.57078421 1
1961 121.7469433 3 1955 73.90873471 4
1966 113.6627344 1 1961 97.18316414 1
1971 113.0736835 1 1965 86.2108502 2
1974 105.4955298 1 1972 91.08359507 2
1977 107.1330891 1 1978 94.41236782 2
1980 109.0823625 2 1981 76.03315092 1
1984 103.3710174 7 1983 83.43868532 1




Abatzoglou, J.T., 2011, Influence of the PNA on declining mountain snowpack in the Western United
States: International Journal of Climatology, v. 31, no. 8, p. 1135–1142.
Anchukaitis, K.J., Buckley, B.M., Cook, E.R., Cook, B.I., D’Arrigo, R.D., and Ammann, C.M., 2010, The
influence of volcanic eruptions on the climate of the Asian monsoon region: Geophysical Research
Letters, v. 37, L22703, doi: 10.1029/2010GL044843.
Axelson, J.N., Sauchyn, D.J., and Barichivich, J., 2009, New reconstructions of streamflow variability in
the south saskatchewan river basin from a network of tree ring chronologies, alberta, canada: Water
Resources Research, v. 45, no. 9, doi: 10.1029/2008WR007639, URL https://agupubs.onlinelibrar
y.wiley.com/doi/abs/10.1029/2008WR007639.
Barnett, T., Zwiers, F., Hegerl, G., Allen, M., Crowley, T., Gillett, N., Hasselmann, K., Jones, P., Santer, B.,
Schnur, R., Scott, P., Taylor, K., and Tett, S., 2005, Detecting and attributing external influences on the
climate system: A review of recent advances: J. Climate, v. 18, p. 1291–1314.
BC River Forecast Centre, 2010, BC Environment Historical Snow Survey Data: http://bcrfc.env.go
v.bc.ca/, (Accessed January 8 2014).
Benke, A.C., and Cushing, C.E., 2005, Rivers of north america: Academic Press.
Biogeoclimatic Ecosystem Classification and Ecology Research program, 2018, Biogeoclimatic zones of
british columbia: URL https://www.for.gov.bc.ca/hre/becweb/index.html.
Bonsal, B.R., Shabbar, A., and Higuchi, K., 2001, Impacts of low frequency variability modes on canadian
winter temperature: International Journal of Climatology, v. 21, no. 1, p. 95–108, doi: https://doi.org/10
.1002/joc.590, URL https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/joc.590.
Bradley, R.S., 2011, High-resolution paleoclimatology, in Dendroclimatology: Springer, p. 3–15.
Brewer, P., 2014, Data management in dendroarchaeology using tellervo: Radiocarbon, v. 56, no. 4, p.
79–83, URL https://journals.uair.arizona.edu/index.php/radiocarbon/article/view/183
20.
Bunn, A.G., 2008, A dendrochronology program library in r (dplr): Dendrochronologia, v. 26, no. 2, p.
115 – 124, doi: https://doi.org/10.1016/j.dendro.2008.01.002, URL http://www.sciencedirect.com/
science/article/pii/S1125786508000350.
54
Case, M., and Peterson, D., 2005, Fine-scale variability in growth-climate relationships of douglas-fir,
north cascade range, washington: Canadian Journal of Forest Research, v. 35, no. 11, p. 2743–2755, doi:
10.1139/x05-191.
Cook, E.R., and Briffa, K.R., 1990, A comparison of some tree-ring standardization methods, in Cook,
E.R., and Kairiukstis, L.A., eds., Methods of dendrochronology: Kluwer Dordrecht, p. 104–123.
Cook, E.R., and Peters, K., 1997, Calculating unbiased tree-ring indices for the study of climatic and
environmental change: Holocene, v. 7, p. 361–370.
Cook, E.R., and Kairiukstis, L.A., 1990, Methods of dendrochronology: applications in the environmen-
tal sciences: Springer Science & Business Media.
Cook, E.R., Woodhouse, C.A., Eakin, M.C., Meko, D.M., and Stahle, D.W., 2004, Long-term aridity
changes in the western United States: Science, v. 306, no. 5698, p. 1015–1018.
Coulthard, B., St. George, S., and Meko, D., 2020, The limits of freely-available tree-ring chronologies:
Quaternary Science Reviews, v. 234, p. 106,264, doi: 10.1016/j.quascirev.2020.106264.
Coulthard, B.L., 2015, Multi-century records of snow water equivalent and streamflow drought from
energy-limited tree rings in south coastal British Columbia [Ph.D. thesis]: University of Victoria.
Coulthard, B.L., and Smith, D.J., 2016, A 477-year dendrohydrological assessment of drought severity
for Tsable River, Vancouver Island, British Columbia, Canada: Hydrological Processes, v. 30, no. 11, p.
1676–1690.
Coulthard, B.L., Smith, D.J., and Meko, D.M., 2016, Is worst-case scenario streamflow drought underes-
timated in British Columbia? A multi-century perspective for the south coast, derived from tree-rings:
Journal of Hydrology, v. 534, p. 205–218.
Cunderlik, J.M., and Ouarda, T.B., 2009, Trends in the timing and magnitude of floods in canada: Journal
of Hydrology, v. 375, no. 3, p. 471 – 480, doi: https://doi.org/10.1016/j.jhydrol.2009.06.050, URL
http://www.sciencedirect.com/science/article/pii/S0022169409003874.
Curry, C.L., and Zwiers, F.W., 2018, Examining controls on peak annual streamflow and floods in the
fraser river basin of british columbia: Hydrology and Earth System Sciences, v. 22, no. 4, p. 2285–2309,
doi: 10.5194/hess-22-2285-2018, URL https://hess.copernicus.org/articles/22/2285/2018/.
Déry, S.J., Hernández-Henríquez, M.A., Owens, P.N., Parkes, M.W., and Petticrew, E.L., 2012, A century
of hydrological variability and trends in the Fraser River Basin: Environmental Research Letters, v. 7,
no. 2, p. 024,019, doi: 10.1088/1748-9326/7/2/024019.
Dracup, J.A., Lee, K.S., and Paulson Jr., E.G., 1980, On the definition of droughts: Water Resources
Research, v. 16, no. 2, p. 297–302, doi: https://doi.org/10.1029/WR016i002p00297, URL https:
//agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/WR016i002p00297.
Déry, S.J., Knudsvig, H.K., Hernández-Henríquez, M.A., and Coxson, D.S., 2014, Net snowpack accu-
mulation and ablation characteristics in the inland temperate rainforest of the upper fraser river basin,
canada: Hydrology, v. 1, no. 1, p. 1–19, doi: 10.3390/hydrology1010001, URL https://www.mdpi.com
/2306-5338/1/1/1.
55
Déry, S.J., Stahl, K., Moore, R.D., Whitfield, P.H., Menounos, B., and Burford, J.E., 2009, Detection of
runoff timing changes in pluvial, nival, and glacial rivers of western canada: Water Resources Research,
v. 45, no. 4, doi: https://doi.org/10.1029/2008WR006975, URL https://agupubs.onlinelibrary.wi
ley.com/doi/abs/10.1029/2008WR006975.
Eaton, B., and Moore, R., 2010, Regional hydrology, in Pike, R.G., Redding, T.E., Moore, R.D., Winkler,
R.D., and Bladon, K.D., eds., Compendium of forest hydrology and geomorphology in British Columbia:
chap. 4, Victoria, B.C, Ministry of Forests and Range, Victoria, B.C., p. 85–110.
Emile-Geay, J., McKay, N.P., Kaufman, D.S., von Gunten, L., Wang, J., Anchukaitis, K.J., Abram, N.J.,
Addison, J.A., Curran, M.A.J., Evans, M.N., Henley, B.J., Hao, Z., Martrat, B., McGregor, H.V., Neukom,
R., Pederson, G.T., Stenni, B., Thirumalai, K., Werner, J.P., Xu, C., Divine, D.V., Dixon, B.C., Gergis, J.,
Mundo, I.A., Nakatsuka, T., Phipps, S.J., Routson, C.C., Steig, E.J., Tierney, J.E., Tyler, J.J., Allen, K.J.,
Bertler, N.A.N., Björklund, J., Chase, B.M., Chen, M.T., Cook, E., de Jong, R., DeLong, K.L., Dixon, D.A.,
Ekaykin, A.A., Ersek, V., Filipsson, H.L., Francus, P., Freund, M.B., Frezzotti, M., Gaire, N.P., Gajewski,
K., Ge, Q., Goosse, H., Gornostaeva, A., Grosjean, M., Horiuchi, K., Hormes, A., Husum, K., Isaksson,
E., Kandasamy, S., Kawamura, K., Kilbourne, K.H., Koç, N., Leduc, G., Linderholm, H.W., Lorrey, A.M.,
Mikhalenko, V., Mortyn, P.G., Motoyama, H., Moy, A.D., Mulvaney, R., Munz, P.M., Nash, D.J., Oerter,
H., Opel, T., Orsi, A.J., Ovchinnikov, D.V., Porter, T.J., Roop, H.A., Saenger, C., Sano, M., Sauchyn, D.,
Saunders, K.M., Seidenkrantz, M.S., Severi, M., Shao, X., Sicre, M.A., Sigl, M., Sinclair, K., St. George,
S., St. Jacques, J.M., Thamban, M., Kuwar Thapa, U., Thomas, E.R., Turney, C., Uemura, R., Viau, A.E.,
Vladimirova, D.O., Wahl, E.R., White, J.W.C., Yu, Z., Zinke, J., and Consortium, P., 2017, A global mul-
tiproxy database for temperature reconstructions of the common era: Scientific Data, v. 4, no. 1, p.
170,088, doi: 10.1038/sdata.2017.88, URL https://doi.org/10.1038/sdata.2017.88.
Emmingham, W.H., , Comparison of selected douglas-fir seed sources for cambial and leader growth
patterns in four western oregon environments: Canadian Journal of Forest Research, v. 7, p. 154–164.
Ferrari, M.R., Miller, J.R., and Russell, G.L., 2007, Modeling changes in summer temperature of the
Fraser River during the next century: Journal of Hydrology, v. 342, no. 3, p. 336–346.
Foreman, M.G., Lee, K., Morrison, B.J., Macdonald, S., Barnes, D., and Williams, I.V., 2001, Simulations
and retrospective analyses of Fraser watershed flows and temperatures: Atmosphere-Ocean, v. 39, no. 2,
p. 89–105.
Fraser Basin Council, 2009, State of the Fraser Basin report: Sustainability snapshot 4: The Many faces
of sustainability, , Fraser Basin Council.
Fraser Basin Council, and BC Ministry of Environment, , The fraser: A canadian heritage river, 10-year
monitoring report (1998-2008), resreport, Fraser Basin Council; BC Ministry of Environment, URL ht
tp://www.fraserbasin.bc.ca/_Library/Water/report_chr_fraser_river_2010.pdf.
Fritts, H.C., 1976, Tree Rings and Climate: New York, Academic Press.
Fritts, H.C., 1971, Dendroclimatology and dendroecology: Quaternary Research, v. 1, no. 4, p. 419–449.
Fritts, H.C., Mosimann, J.E., and Bottorff, C.P., 1969, A revised computer program for standardizing
tree-ring series: Tree-Ring Bulletin, URL http://hdl.handle.net/10150/259932.
56
Fyfe, J., Derksen, C., Mudryk, L., Flato, G., Santer, B., Swart, N.C., Molotch, N., Zhang, X., Wan, H., Arora,
V., Scinocca, J., and Jiao, Y., 2017, Large near-term projected snowpack loss over the western united
states: Nature Communications, v. 8, no. 1, p. 14,996, doi: 10.1038/ncomms14996.
Gindl, W., Grabner, M., and Wimmer, R., 2000, The influence of temperature on latewood lignin content
in treeline norway spruce compared with maximum density and ring width: Trees, v. 14, no. 7, p. 409–
414, doi: 10.1007/s004680000057.
Hamlet, A.F., and Lettenmaier, D.P., 2007, Effects of 20th century warming and climate variability on
flood risk in the western u.s.: Water Resources Research, v. 43, no. 6, doi: https://doi.org/10.1029/2006
WR005099, URL https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2006WR005099.
Harder, P., Pomeroy, J.W., and Westbrook, C.J., 2015, Hydrological resilience of a canadian rockies
headwaters basin subject to changing climate, extreme weather, and forest management: Hydrolog-
ical Processes, v. 29, no. 18, p. 3905–3924, doi: https://doi.org/10.1002/hyp.10596, URL https:
//onlinelibrary.wiley.com/doi/abs/10.1002/hyp.10596.
Hart, S.J., Smith, D.J., and Clague, J.J., 2010, A multi-species dendroclimatic reconstruction of Chilko
River streamflow, British Columbia, Canada: Hydrological Processes, v. 24, no. 19, p. 2752–2761.
Heeter, K.J., Harley, G.L., Maxwell, J.T., McGee, J.H., and Matheus, T.J., 2020, Late summer temperature
variability for the southern rocky mountains (usa) since 1735 ce: applying blue light intensity to low-
latitude picea engelmannii parry ex engelm: Climatic Change, v. 162, no. 2, p. 965–988, doi: 10.1007/s1
0584-020-02772-9, URL https://doi.org/10.1007/s10584-020-02772-9.
Holmes, R., 1983, Computer assisted quality control in tree-ring dating and measurement: Tree-Ring
Bulletin, v. 44, p. 69–75.
Hughes, M.K., 2011, Dendroclimatology in high-resolution paleoclimatology, in Dendroclimatology:
Springer, p. 17–34.
Huning, L.S., and AghaKouchak, A., 2020, Global snow drought hot spots and characteristics: Proceed-
ings of the National Academy of Sciences, v. 117, no. 33, p. 19,753–19,759, doi: 10.1073/pnas.191592111
7, URL https://www.pnas.org/content/117/33/19753.
Islam, S.U., and Déry, S.J., 2017, Evaluating uncertainties in modelling the snow hydrology of the fraser
river basin, british columbia, canada: Hydrology and Earth System Sciences, v. 21, no. 3, p. 1827–1847,
doi: 10.5194/hess-21-1827-2017, URL https://hess.copernicus.org/articles/21/1827/2017/.
Kang, D.H., Gao, H., Shi, X., ul Islam, S., and Déry, S.J., 2016, Impacts of a rapidly declining mountain
snowpack on streamflow timing in Canada’s Fraser River basin: Scientific Reports, p. 19,299.
Kang, D.H., Shi, X., Gao, H., and Déry., S.J., 2014, On the changing contribution of snow to the hydrology
of the Fraser River Basin, Canada: Journal of Hydrometeorology, v. 15, no. 4, p. 1344–1365.
Kerkhoven, E., and Gan, T.Y., 2011, Differences and sensitivities in potential hydrologic impact of
climate change to regional-scale athabasca and fraser river basins of the leeward and windward
sides of the canadian rocky mountains respectively: Climatic Change, v. 106, no. 4, p. 583–607, doi:
10.1007/s10584-010-9958-7, URL https://doi.org/10.1007/s10584-010-9958-7.
57
Kiffney, P., Bull, J., and Feller, M., 2002, Climatic and hydrologic variability in a coastal watershed of
southwestern british columbia: JAWRA Journal of the American Water Resources Association, v. 38,
no. 5, p. 1437 – 1451, doi: 10.1111/j.1752-1688.2002.tb04357.x.
Kozlowski, T.T., 1964, Water metabolism in plants: Soil Science, v. 98, no. 2, p. 143.
LaMarche, V.C.J.., 1974, Paleoclimatic inferences from long tree-ring records: Science, v. 183, p. 1043–
1048.
Laroque, C.P., , Dendroclimatic response of high-elevation conifers, vancouver island, british columbia
[Ph.D. thesis]: University of Victoria.
Larsson, L.Å., 2014, Coorecorder and cdendro programs of the coorecorder/cdendro package version
7.7: URL www.cybis.se/forfun/dendro.
Littell, J.S., Pederson, G.T., Gray, S.T., Tjoelker, M., Hamlet, A.F., and Woodhouse, C.A., 2016, Re-
constructions of Columbia River streamflow from tree-ring chronologies in the Pacific Northwest,
USA: JAWRA Journal of the American Water Resources Association, v. 52, no. 5, p. 1121–1141, doi:
10.1111/1752-1688.12442.
Lutz, E.R., Hamlet, A.F., and Littell, J.S., 2012, Paleoreconstruction of cool season precipitation and
warm season streamflow in the pacific northwest with applications to climate change assessments:
Water Resources Research, v. 48, no. 1, doi: https://doi.org/10.1029/2011WR010687, URL https:
//agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2011WR010687.
Mankin, J.S., Viviroli, D., Hoekstra, A.Y., Horton, R., Smerdon, J., and Diffenbaugh, N.S., 2017, Influ-
ence of internal variability on population exposure to hydroclimatic changes: Environmental Research
Letters, v. 12, no. 4, p. 044,007, doi: 10.1088/1748-9326/aa5efc.
Mantua, N.J., and Hare, S.R., 2002, The Pacific decadal oscillation: Journal of Oceanography, v. 58, p.
35–44.
Mantua, N.J., Hare, S.R., Zhang, Y., Wallace, J.M., and Francis, R.C., 1997, A Pacific interdecadal climate
oscillation with impacts on salmon production: Bull. Amer. Meteorol. Soc., v. 78, p. 1069–1079.
Marcinkowski, K., and Peterson, D.L., 2015, A 350-Year Reconstruction of the Response of South Cas-
cade Glacier to interannual and interdecadal climatic variability: Northwest Science, v. 89, no. 1, p.
14–33.
McCabe, G.J., and Dettinger, M.D., 2002, Primary modes and predictability of year-to-year snowpack
variations in the western United States from teleconnections with Pacific Ocean climate: Journal of
Hydrometeorology, v. 3, p. 13–25.
McCarroll, D., Pettigrew, E., Luckman, A., Guibal, F., and Edouard, J.L., 2002, Blue reflectance provides
a surrogate for latewood density of high-latitude pine tree rings: Arctic, Antarctic, and Alpine Research,
v. 34, no. 4, p. 450–453, doi: 10.1080/15230430.2002.12003516, URL https://doi.org/10.1080/1523
0430.2002.12003516.
58
Meko, D.M., 2020, Applied time series analysis: URL https://www.ltrr.arizona.edu/~dmeko/inde
x.html.
Meko, D.M., and Woodhouse, C.A., 2011, Application of streamflow reconstruction to water resources
management, in Hughes, M.K., ed., Dendroclimatology: progress and prospects: Springer Netherlands,
p. 231–261.
Meko, D.M., Woodhouse, C.A., Baisan, C.A., Knight, T., Lukas, J.J., Hughes, M.K., and Salzer, M.W., 2007,
Medieval drought in the upper Colorado River Basin: Geophysical Research Letters, v. 34, no. 10.
Michaelson, J., 1987, Cross-validation in statistical climate forecast models: J. Climate Appl. Meteor.,
v. 26, p. 1589–1600.
Mood, B.J., Coulthard, B., and Smith, D.J., 2020, Three hundred years of snowpack variability in south-
western british columbia reconstructed from tree-rings: Hydrological Processes, v. 34, no. 25, p. 5123–
5133, doi: https://doi.org/10.1002/hyp.13933, URL https://onlinelibrary.wiley.com/doi/abs/
10.1002/hyp.13933.
Moore, R.D., and McKendry, I.G., 1996, Spring snowpack anomaly patterns and winter climatic vari-
ability, british columbia, canada: Water Resources Research, v. 32, no. 3, p. 623–632, doi: https:
//doi.org/10.1029/95WR03640, URL https://agupubs.onlinelibrary.wiley.com/doi/abs/
10.1029/95WR03640.
Moore, R.D., and Wondzell, S.M., 2005, Physical hydrology and the effects of forest harvesting in the
Pacific Northwest: a review: JAWRA Journal of the American Water Resources Association, v. 41, no. 4,
p. 763–784.
Morrison, J., Quick, M.C., and Foreman, M.G.G., 2002, Climate change in the Fraser River watershed:
flow and temperature projections: Journal of Hydrology, v. 263, no. 1, p. 230–244.
Mote, P.W., Li, S., Lettenmaier, D.P., Xiao, M., and Engel, R., 2018, Dramatic declines in snowpack in the
western us: Npj Climate and Atmospheric Science, v. 1, no. 1, p. 2–3, doi: 10.1038/s41612-018-0012-1,
URL https://doi.org/10.1038/s41612-018-0012-1.
Musselman, K., Lehner, F., Ikeda, K., Clark, M., Prein, A., Liu, C., Barlage, M., and Rasmussen, R., 2018,
Projected increases and shifts in rain-on-snow flood risk over western north america: Nature Climate
Change, v. 8, doi: 10.1038/s41558-018-0236-4.
Ostrom, C.W., 1990, Time series analysis: Second edition edn., Thousand Oaks, CA, SAGE Publications,
Inc., doi: 10.4135/9781412986366.
Padilla, A., Rasouli, K., and Déry, S.J., 2015, Impacts of variability and trends in runoff and water tem-
perature on salmon migration in the fraser river basin, canada: Hydrological Sciences Journal, v. 60,
no. 3, p. 523–533, doi: 10.1080/02626667.2014.892602, URL https://doi.org/10.1080/02626667.2
014.892602.
Peterson, D.W., and Peterson, D.L., 1994, Effects of climate on radial growth of subalpine conifers in the
North Cascade Mountains: Canadian Journal of Forest Research, v. 24, no. 9, p. 1921–1932.
59
Pitman, K.J., and Smith, D.J., 2012, Tree-ring derived little ice age temperature trends from the central
british columbia coast mountains, canada: Quaternary Research, v. 78, no. 3, p. 417–426, doi: 10.1016/
j.yqres.2012.08.009.
Rencher, A.C., and Pun, F.C., 1980, Inflation of r2 in best subset regression: Technometrics, v. 22, no. 1,
p. 49–53, doi: https://doi.org/10.2307/1268382, URL https://www.tandfonline.com/doi/abs/10
.1080/00401706.1980.10486100.
River Forecast Centre, 2012, Flow forecasting for the lower fraser river (from hope to the ocean): URL
http://bcrfc.env.gov.bc.ca/freshet/lower_fraser/Flow%20Forecasting%20for%20the%20L
ower%20Fraser%20River.pdf.
Rodenhuis, D., Bennett, K., Werner, A., Murdock, T., and Bronaugh, D., 2009, Climate overview 2007:
Hydro-climatology and future climate impacts in british columbia: Pacific Climate Impacts Consor-
tium, University of Victoria.
Rossi, S., Deslauriers, A., Anfodillo, T., and Carraro, V., 2007, Evidence of threshold temperatures for
xylogenesis in conifers at high altitudes: Oecologia, v. 152, p. 1–12, doi: 10.1007/s00442-006-0625-7.
Rossi, S., Deslauriers, A., Griçar, J., Seo, J.W., Rathgeber, C.B., Anfodillo, T., Morin, H., Levanic, T., Oven,
P., and Jalkanen, R., 2008, Critical temperatures for xylogenesis in conifers of cold climates: Global Ecol-
ogy and Biogeography, v. 17, no. 6, p. 696–707, doi: https://doi.org/10.1111/j.1466-8238.2008.00417.x,
URL https://onlinelibrary.wiley.com/doi/abs/10.1111/j.1466-8238.2008.00417.x.
Rossi, S., Deslauriers, A., Lupi, C., and Morin, H., 2014, Control over growth in cold climates, chap. 9,
Springer Netherlands, p. 191–219, doi: 10.1007/978-94-017-9100-7_9, URL https://doi.org/10.100
7/978-94-017-9100-7_9.
Schnorbus, M., Werner, A., and Bennett, K., 2012, Impacts of climate change in three hydrologic regimes
in british columbia, canada: Hydrological Processes, v. 28, no. 3, p. 1170–1189, doi: 10.1002/hyp.9661.
Shabbar, A., Bonsal, B., and Khandekar, M., 1997, Canadian precipitation patterns associated with the
southern oscillation: Journal of Climate, v. 10, no. 12, p. 3016 – 3027, doi: 10.1175/1520-0442(1997)010
<3016:CPPAWT>2.0.CO;2.
Shabbar, A., and Khandekar, M., 1996, The impact of el niño-southern oscillation on the temperature
field over canada: Atmosphere-Ocean, v. 34, no. 2, p. 401–416, doi: 10.1080/07055900.1996.9649570.
Sheppard, P.R., Graumlich, L.J., and Conkey, L.E., 1996, Reflected-light image analysis of conifer tree
rings for reconstructing climate: The Holocene, v. 6, no. 1, p. 62–68, doi: 10.1177/095968369600600107,
URL https://doi.org/10.1177/095968369600600107.
Shrestha, R.R., Schnorbus, M.A., Werner, A.T., and Berland, A.J., 2012, Modelling spatial and temporal
variability of hydrologic impacts of climate change in the Fraser River basin, British Columbia, Canada:
Hydrological Processes, v. 26, no. 12, p. 1840–1860.
Speer, J., 2010, The fundamentals of tree-ring research: University of Arizona Press.
60
Spry, C.M., Kohfeld, K.E., Allen, D.M., Dunkley, D., and Lertzman, K., 2014, Characterizing pineapple
express storms in the lower mainland of british columbia, canada: Canadian Water Resources Journal /
Revue canadienne des ressources hydriques, v. 39, no. 3, p. 302–323, doi: 10.1080/07011784.2014.9425
74, URL https://doi.org/10.1080/07011784.2014.942574.
St. George, S., and Luckman, B., 2001, Extracting a paleotemperature record from picea engelmannii
tree-line sites in the central canadian rockies: Canadian Journal of Forest Research, v. 31, no. 3, p. 457–
470, doi: 10.1139/cjfr-31-3-457, copyright: Copyright 2008 Elsevier B.V., All rights reserved.
Stahl, K., Moore, R.D., and Mckendry, I.G., 2006, The role of synoptic-scale circulation in the linkage
between large-scale ocean-atmosphere indices and winter surface climate in British Columbia, Canada:
International Journal of Climatology, v. 26, no. 4, p. 541–560.
Stahle, D.W., Cook, E.R., Burnette, D.J., Torbenson, M.C.A., Howard, I.M., Griffin, D., Diaz, J.V., Cook,
B.I., Williams, P.A., Watson, E., et al., 2020, Dynamics, variability, and change in seasonal precipitation
reconstructions for North America: Journal of Climate, v. 33, no. 8, p. 3173–3195, doi: 10.1175/JCLI-D-1
9-0270.1.
Starheim, C.C., Smith, D.J., and Prowse, T.D., 2013, Dendrohydroclimate reconstructions of July–August
runoff for two nival-regime rivers in west central British Columbia: Hydrological Processes, v. 27, no. 3,
p. 405–420.
Stoffel, M., Ballesteros Cánovas, J.A., Luckman, B.H., Casteller, A., and Villalba, R., 2019, Tree-ring corre-
lations suggest links between moderate earthquakes and distant rockfalls in the patagonian cordillera:
Scientific Reports, v. 9, no. 1, p. 12,112, doi: 10.1038/s41598-019-48530-5, URL https://doi.org/10
.1038/s41598-019-48530-5.
Stokes, M., and Smiley, T., 1968, An introduction to tree-ring dating: Chicago, IL, University of Chicago
Press.
The MathWorks, Inc., 2020, Matlab, version 9.9.0.1538559 (r2020b) update 3: URL www.mathworks.co
m/.
Thomson, R.E., 1981, Oceanography of the british columbia coast: Canadian Special Publication of
Fisheries and Aquatic Sciences 56, Department of Fisheries and Oceans.
Thorne, R., and Woo, M.k., 2011, Streamflow response to climatic variability in a complex mountainous
environment: Fraser river basin, british columbia, canada: Hydrological Processes, v. 25, no. 19, p.
3076–3085, doi: https://doi.org/10.1002/hyp.8225, URL https://onlinelibrary.wiley.com/doi/
abs/10.1002/hyp.8225.
Tranquillini, W., 1979, Physiological ecology of the alpine timberline: Springer-Verlag Berlin Heidelberg,
doi: 10.1007/978-3-642-67107-4.
Vaganov, E.A., Anchukaitis, K.J., and Evans, M.N., 2010, How well understood are the processes that cre-
ate dendroclimatic records? a mechanistic model of the climatic control on conifer tree-ring growth
dynamics, in Hughes, M.K., Swetnam, T.W., and Diaz, H.F., eds., Dendroclimatology: Progress and
prospects, v. 11: Springer Netherlands, p. 37–75, doi: 10.1007/978-1-4020-5725-0_3, URL https:
//doi.org/10.1007/978-1-4020-5725-0_3.
61
Watson, E., and Luckman, B., 2006, Long hydroclimate records from tree-rings in western canada:
Potential, problems and prospects: Canadian Water Resources Journal, v. 31, no. 4, p. 205–228, doi:
10.4296/cwrj3104205.
Watson, E., and Luckman, B.H., , The development of a moisture-stressed tree-ring chronology network
for the southern canadian cordillera: Tree-Ring Research, URL http://hdl.handle.net/10150/251
652.
Watson, E., and Luckman, B.H., 2001, Dendroclimatic reconstruction of precipitation for sites in the
southern canadian rockies: The Holocene, v. 11, no. 2, p. 203–213, doi: 10.1191/095968301672475828,
URL https://doi.org/10.1191/095968301672475828.
Watson, E., and Luckman, B.H., 2004a, Tree-ring-based mass-balance estimates for the past 300 years
at peyto glacier, alberta, canada: Quaternary Research, v. 62, no. 1, p. 9–18, doi: 10.1016/j.yqres.2004.0
4.007.
Watson, E., and Luckman, B.H., 2004b, Tree-ring based reconstructions of precipitation for the southern
canadian cordillera: Climatic Change, v. 65, no. 1, p. 209–241, doi: 10.1023/B:CLIM.0000037487.83308.
02, URL https://doi.org/10.1023/B:CLIM.0000037487.83308.02.
Watson, E., and Luckman, B.H., 2005, Spatial patterns of preinstrumental moisture variability in the
southern canadian cordillera: Journal of Climate, v. 18, no. 15, p. 2847 – 2863, doi: 10.1175/JCLI3416.1,
URL https://journals.ametsoc.org/view/journals/clim/18/15/jcli3416.1.xml.
Weisberg, S., 1985, Applied linear regression: 4th edn., John Wiley and Sons, 340 p.
Welsh, C., Smith, D., and Coulthard, B., 2019, Tree-ring records unveil long-term influence of the pa-
cific decadal oscillation on snowpack dynamics in the stikine river basin, northern british columbia:
Hydrological Processes, v. 33, no. 5, p. 720–736, doi: 10.1002/hyp.13357.
Whitfield, P., Fleming, S., and Zawadzki, A., 2010, Pacific decadal oscillation and the hydroclimatology
of western canada-review and prospects: Canadian Water Resources Journal, v. 35, no. 1, p. 1–28, doi:
10.4296/cwrj3501001.
Whitfield, P.H., and Cannon, A.J., 2000, Recent variations in climate and hydrology in canada: Canadian
Water Resources Journal, v. 25, no. 1, p. 19–65, doi: 10.4296/cwrj2501019, URL https://doi.org/10
.4296/cwrj2501019.
Wigley, T.M.L., Briffa, K.R., and Jones, P.D., 1984, On the average value of correlated time series, with ap-
plications in dendroclimatology and hydrometeorology: Journal of Climate and Applied Meteorology,
v. 23, p. 201–213.
Wilhite, D.A., and Glantz, M.H., 1985, Understanding: the drought phenomenon: The role of defini-
tions: Water International, v. 10, no. 3, p. 111–120, doi: https://doi.org/10.1080/02508068508686328.
Wilson, R., Miles, D., Loader, N.J., Melvin, T., Cunningham, L., Cooper, R., and Briffa, K., 2012, A millen-
nial long march–july precipitation reconstruction for southern-central england: Climate Dynamics, p.
1–21.
62
Wilson, R.J.S., and Luckman, B.H., 2003, Dendroclimatic reconstruction of maximum summer tem-
peratures from upper treeline sites in interior british columbia, canada: The Holocene, v. 13, no. 6, p.
851–861, doi: 10.1191/0959683603hl663rp, URL https://doi.org/10.1191/0959683603hl663rp.
Wilson, R., Anchukaitis, K., Briffa, K.R., Büntgen, U., Cook, E., D’Arrigo, R., Davi, N., Esper, J., Frank,
D., Gunnarson, B., Hegerl, G., Helama, S., Klesse, S., Krusic, P.J., Linderholm, H.W., Myglan, V., Osborn,
T.J., Rydval, M., Schneider, L., Schurer, A., Wiles, G., Zhang, P., and Zorita, E., 2016, Last millennium
northern hemisphere summer temperatures from tree rings: Part i: The long term context: Quaternary
Science Reviews, v. 134, p. 1–18, doi: https://doi.org/10.1016/j.quascirev.2015.12.005, URL https:
//www.sciencedirect.com/science/article/pii/S0277379115301888.
Wilson, R., Cook, E., D'Arrigo, R., Riedwyl, N., Evans, M.N., Tudhope, A., and Allan, R., 2009, Recon-
structing ENSO: the influence of method, proxy data, climate forcing and teleconnections: Journal of
Quaternary Science, v. 25, no. 1, p. 62–78, doi: 10.1002/jqs.1297.
Wilson, R., Rao, R., Rydval, M., Wood, C., Åke Larsson, L., and Luckman, B.H., 2014, Blue intensity for
dendroclimatology: The bc blues: A case study from british columbia, canada: The Holocene, v. 24,
no. 11, p. 1428–1438, doi: 10.1177/0959683614544051, URL https://doi.org/10.1177/0959683614
544051.
Wood, L.J., and Smith, D.J., 2012, Climate and glacier mass balance trends from ad 1780 to present in
the columbia mountains, british columbia, canada: The Holocene, v. 23, no. 5, p. 739–748, doi: 10.117
7/0959683612465450, URL https://doi.org/10.1177/0959683612465450.
Wood, L.J., Smith, D.J., and Demuth, M.N., 2011, Extending the Place Glacier mass-balance record to
AD 1585, using tree rings and wood density: Quaternary Research, v. 76, no. 3, p. 305–313.
Woodhouse, C., , Extending hydrologic records with tree rings: Water Resources IMPACT, v. 2, no. 4, p.
25–27, URL http://www.jstor.org/stable/wateresoimpa.2.4.0025.
Woodhouse, C.A., 2003, A 431-yr reconstruction of western Colorado snowpack from tree rings: Journal
of Climate, v. 16, no. 10, p. 1551–1561.
Woodhouse, C.A., Gray, S.T., and Meko, D.M., 2006, Updated streamflow reconstructions for the Upper
Colorado River basin: Water Resources Research, v. 42, no. 5, doi: 10.1029/2005WR004455, URL https:
//agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2005WR004455.
Zhang, X., Harvey, K.D., Hogg, W.D., and Yuzyk, T.R., 2001, Trends in canadian streamflow: Water






4505 S Maryland Pkwy
Las Vegas, NV 89154
Graduate College
University of Nevada, Las Vegas
EDUCATION
Master of Science in Geoscience Jan 2019 - Present
University of Nevada, Las Vegas, USA
Thesis: Extreme event reconstructions for the Upper Fraser River Basin, British Columbia, Canada. Grad-
uation May 2021
Bachelor of Science in Landscape Ecology and Nature Conservation International Nov 2018
Universität Greifswald, Greifswald
Thesis: Comparison of the contemporary growth of oak (Quercus robur L.) and growth 7000 cal. yr. BC in
the south Baltic Sea region and analysis of mid-Holocene oak growth.
RESEARCH EXPERIENCE
Research Assistant Jan 2020 - Present
64
HYTRAC Lab, University of Nevada, Las Vegas
Supervisor: Dr Bethany Coulthard
• Sample preparation and development of tree-ring chronologies
• Data preparation using Cofecha and R Studio (limited use of Arstan, Matlab, Adobe Illustrator)
Project Coordinator Feb 2017 – Jul 2017
Internship National Trust England, Holnicote Estate
• Healthy Hedgerow Project (volunteer recruitment & engagement, educational outreach and pro-
motion of National Trust / Ranger team)
ORAL PRESENTATIONS
Homfeld, I. K.; Coulthard, B. and Brice, B. (April 9th, 2021). Extreme event reconstructions for the Upper
Fraser sub-basin of the Fraser River, British Columbia, Canada. Oral presentation held virtually at Amer-
ican Association of Geographers (AAG) annual meeting 2021
Homfeld, I. K.; Coulthard, B.; Brice, B. (April 24th, 2020). How trees and snow reveal past streamflow
in the Upper Fraser River, British Columbia, Canada. Oral presentation presented at the 15th annual
University of Nevada, Las Vegas Geosymposium, Las Vegas, Nevada.
POSTER PRESENTATIONS
Homfeld, I. K. & Coulthard, B. (April 26th, 2019). How trees reveal past climate: Summer streamflow
reconstruction for the Fraser River Basin, B.C., Canada. Poster presented at the annual University of
Nevada, Las Vegas Geosymposium, Las Vegas, Nevada.
AWARDS & FUNDING
• Bernada French Scholarship ($1200) Fall 2020
• Donna Weistrop and David B. Shaffer scholarship ($1000) Fall 2020
• UNLV Patricia Sastaunik Scholarship ($2500) Fall 2019-Spring 2020
• Edwards & Olswang Geology Scholarship ($1200) Fall 2019
• UNLV Access Grant ($2000) Fall 2019, 2020
• Geosymposium Research Grant ($500) Spring 2019
65
TEACHING EXPERIENCE
Teaching Assistant: Physical Geography Lab (online) Jan 2019 - Dec 2019
Department of Geoscience
University of Nevada, Las Vegas
• Supervision of four lab sections (120 students)
OTHER EXPERIENCE / INVOLVEMENT
Officer (Secretary) Fall 2020 - present
Association for Women Scientists (AWG) student chapter
University of Nevada, Las Vegas
Officer (Secretary, Vice President) Spring 2020 - present
American Association of Petroleum Geologists (AAPG) student chapter
University of Nevada, Las Vegas
Graduate Assistant Jan 2019 - Dec 2019
Department of Geosciences and Environment
University of Nevada, Las Vegas
66
